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ABSTRACT 
 
 
Polymer nanocomposites are amongst the new class of materials developed over the last 
two decades as a result of the dispersion of nanosized fillers within the polymer matrix. 
The obtained characteristic enhancements of this class of composite materials are due to 
the nanolevel dispersion and interactions of nanofillers within and with the polymeric 
matrices, respectively.  
Polymer based nanocomposites are fabricated through the incorporation of nanoscale 
inorganic solids into neat polymeric matrix. Nanosized carbonfillers could offer enhanced 
electrical, thermal and mechanical properties to biodegradable and biocompatible 
polymers such as polylactide (PLA) and polycaprolactone (PCL). Comprehensive 
understandings of the processability of such polymeric systems can be effectively achieved 
via exhaustive melt rheological investigations.  
The focus of this research was on the development and optimization of PLA and 
nanographite platelets (NGPs) based composites to achieve superior thermal, mechanical 
and rheological properties.  Melt blending and dry mixing methods of fabrication were 
employed at a temperature of 180 
o
C. Different loading fractions of NGP were 
incorporated into the PLA matrix. Morphological evaluation techniques such as X-ray 
Diffraction (XRD) and Transmission Electron Microscopy (TEM), in addition to 
microstructural analysis techniques, i.e. crystallography via micro-Raman spectroscopy, 
were applied to determine the degree of dispersion of NGPs into PLA matrix.  Mechanical 
properties were evaluated and correlated to the structural morphologies of PLA/NGP 
composites. Thermal properties of composites were studied to examine possible changes in 
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glass transition temperature, cold crystallization temperature, melting temperature and 
percentage crystallinity of these polymeric systems. The effect of mixing was also 
explored through double extrusion of particular samples. It was concluded that composites 
containing 3 wt% NGP exhibited optimum mechanical performance without any 
significant changes in their thermal characteristics. 
Furthermore, the shear rheological percolation threshold of NGP fillers was evaluated 
through the variations of slope (α) for storage modulus as a function of frequency as well 
as the application of liquid-solid transition theory on PLA/NGP composites. The 
percolation threshold was found at around 3 wt% through the alteration of liquid-like 
behaviour to pseudo-solid-like behaviour at the terminal region during dynamic oscillatory 
measurements. NGP nanofillers were found to enhance the viscoelastic and mechanical 
properties of PLA at low concentrations; however, an efficient dispersion of nanofillers 
within the polymer matrix via melt intercalation method of mixing was not achieved 
particularly at higher filler concentration. 
Subsequently, the focus of this research was shifted to the linear and non-linear melt 
rheological investigation of PLA/NGP biocomposites. The linear steady and dynamic 
shear viscoelastic behaviours of the samples were analysed to study the effects of NGP 
filler contents on the rheological properties of the composites at terminal and zero-shear 
viscosity regions. Furthermore, the non-linear shear behaviours were investigated to 
predict and validate the extensional rheological properties of the composites. Uniaxial 
extensional measurements were performed to probe the impacts of nanofiller contents 
along with the extensional strain rates (Hencky rate) on the linear viscoelastic envelope 
(LVE) and non-linear elongational strain hardening behaviours of the samples. 
Additionally, in order to reach an accurate prediction and validation of the extensional 
viscosity of the samples, the modelling of strain-hardening behaviour of neat PLA and its 
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composites was accomplished by means of analysing their dynamic moduli, steady shear 
viscosity, relaxation spectrum and damping function based on the Papanastasiou-Scriven- 
Macosko-Luo-Tanner (PSMLT) form of the Kaye-Bernstein-Kearsley-Zapas (K-BKZ) 
constitutive equation. The constitutive modelling of the extensional results suggested that 
the addition of nanofillers to the neat PLA could lead to the deterioration of the strain 
hardening behaviour of the composites when the extensional rheological percolation 
threshold at around 2 wt% became evident. 
Finally, the first normal stress difference (N1) of PLA/NGP composites were also 
comprehensively researched. The N1 behaviour of polymer nano-composites is a measure 
of elasticity and is affected by the shear stress as a result of morphological alterations at 
the molecular and nanostructure levels. Hence, the first normal stress difference 
characteristics of PLA/NGP samples were investigated to evaluate the effects of filler 
content and shear stress on this rheological phenomenon. The results suggest that N1 in 
PLA/NGP composites is dependent on the level of filler loading as well as the shear stress 
beyond a critical value.  A novel rectangular hyperbola model was subsequently applied 
successfully to fit the N1 data of the neat PLA and PLA/NGP composites.  
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Chapter 2 
Symbol 
  
Description 
   
Unit 
η0 
  
Zero-shear viscosity 
   
Pa.s 
Mw 
  
Average molecular weight 
   
g/mol 
Tr 
  
Reference temperature 
   
°C  
Tg 
  
Glass transition temperature 
   
°C  

gT  
  
Glass transition temperature at infinite molecular weight °C  
Kg 
  
Nucleation constant 
     σ 
  
Lateral surface energy 
   
ergs∕cm2 
σe 
  
Fold surface energy 
    
ergs∕cm2 
b 
  
Layer thickness of the crystal 
   
m 
ΔHf 
  
Heat of fusion/unit volume  
   
kJ/kgm
3
 
k 
  
Boltzman constant 
     
ρm 
  
Melt density 
    
g/cm
3
 
α1 
  
Thermal coefficient of expansion 
  
1/°C  
ηE 
  
Elongation viscosity  
   
Pa.s 
LVE 
  
Linear Viscoelastic Envelope 
   
  
  
Hencky Strain rate 
    
1/s 
tηE 
  
Up-rising time  
    
s 
h(γ) 
  
Damping function 
     εC 
  
Cauchy (engineering) strain 
    εH 
  
Hencky strain 
     L 
  
Length of sample 
    
m 
A(t) 
  
Cross-sectional area perpendicular to the direction of flow m
2
/s 
ν 
  
Velocity tensor  
     D  
  
Strain tensor 
     D(t) 
  
Strain rate tensor 
     h(t)  
  
Unit step function 
     m 
  
Time-independent parameter m  
   p 
  
Pressure 
     
Pa 
δ  
  
Unity matrix 
     σ(t)    
  
Stress tensor 
     μ(t,t’), 
  
Memory function 
     h(I, II) 
  
Damping (strain) function 
    C-1(t,t’) 
  
Fingers strain tensor 
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First and second invariants of the Finger strain tensor 
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Storage and loss moduli 
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Characteristic relaxation time 
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Gel strength 
    
Pa.s
n
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Relaxation exponent 
    λmax 
  
Longest relaxation time 
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Liquid-Solid Transition 
    Ge 
  
Equilibrium modulus Ge 
   
Pa 
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Dynamic frequency 
    
rad/s 
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Gamma function 
     H(λ) 
  
Relaxation spectrum  
   
Pa 
N1 
  
First normal stress difference 
   
Pa 
σ12 
  
Viscous shear stress  
   
Pa 
N2 
  
Second normal stress difference 
  
Pa 
ψ1, ψ2 
  
First and second normal stress coefficients  
 
Pa.s
2
 

  
  
Shear rate 
    
1/s 

  
  
Critical shear rate 
    
1/s 
Np 
  
Number of segments in polymer chain 
   ϕ 
  
Particle volume fraction 
    [η] 
  
Einstein coefficient of suspension 
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λ 
  
Wavelength of radiation 
   
m 
d 
  
Interlayer spacing 
     θ 
  
Half scattered angle  
   
rad 
ρs 
  
Solid density 
    
Kg/m
3
 
W0 and H0  
  
Initial width and initial thickness of the specimens m 
F(t) 
  
Instantaneous extensional force  
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Symbol 
  
Description 
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Percentage Crystallinity 
   
% 
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Endothermic enthalpy of melting  
  
J/g 
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Heat of melting of 100% crystalline polymer  
 
J/g 
Tg 
  
Glass transition temperature  
   
°C  
Tc 
  
Cold crystallization temperature 
  
°C  
Tm 
  
Melting temperature  
   
°C  
∆Hc 
  
Exothermic enthalpy of crystallization 
  
J/g 
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Description 
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λ0 
  
Monomeric relaxation time 
   
s 
λ R 
  
Longest Rouse relaxation time  
  
s 
b 
  
Statistical segment length  
   
m 
ζ0 
  
Monomeric friction coefficient 
   p 
  
Model index 
     Ri(t) 
  
Segment i position at time t  
    Xp(t) 
  
Equilibrium dynamics of relaxation spectra of normal modes 
R
p  
  
Relaxation time spectrum of pure polymers  
 
s 
tηE 
  
Up-rising time  
    
s 
E
t
  
  
Up-rising time Hencky strain  
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Symbol 
  
Description 
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0
P  
  
Matrix viscosity 
    
Pa.s 
λ 
  
Slip length  
    
m 
k 
  
Segmental viscosity at the particle surface 
 
Pa.s 
τ0 
  
Characteristic relaxation time  
  
s 
σ* 
  
Critical stress 
    
Pa 
P1  
  
N1 asymptote 
     P2  
  
stress asymptote 
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Chapter 1: Introduction 
 
1.1 Introduction 
Polymer nanocomposites have obtained considerable attention in the research field and 
industry as a result of their superlative mechanical, electrical, thermal and barrier 
properties as well as their outstanding microstructures. The diversity of nanofillers used in 
the production of nanocomposites is considerably extended while constant developments 
of new types of nanofillers have been continuing for the last decade.  
Natural and synthetic clays, nanostructured silicates, nanoceramics, carbon nanotubes, 
carbon nanofibres and other forms of carbon-based materials have been among the most 
common nanofillers utilized in the fabrication of nanocomposites.  Furthermore, the recent 
developments in the manufacturing of graphene-based nanomaterials have given rise to the 
fabrication of the new generation of nanocomposites; currently in fundamental research 
though. The application of nanocomposites has shown promising results in automotive, 
packaging and electrical-electronic industries, where the increasing demand for these 
materials could potentially bring about further economical and advanced approaches to the 
production of this class of materials.  
Polymer/layered-silicate nanocomposites were first introduced more than two decades ago 
in Toyota Central Research and Development Laboratories (TCRDL) through the 
incorporation of 4 wt% of layered silicate into polyamide-6 matrix [1]. This 
nanocomposite exhibited enhanced thermal, barrier and mechanical properties in addition 
to lower flammability. Although the automotive components as well as food packaging are 
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currently the major applications of nanocomposites, the utilization of these materials in 
other industries such as electrical, construction and coating is rapidly gaining momentum.    
Thus far, the reinforcement of polymeric matrix with layered silicate has been the principal 
method of fabrication of nanocomposites, which has been partially due to the vast 
availability and extended chemical research of this type of nanofillers.  
Biodegradable polymer nanocomposites are among green polymeric materials which are 
produced from entirely renewable resources and could offer sustainability to the economy, 
environment and technology. Their offered sustainability could be translated into their 
biodegradability, preservation of fossil fuels, reduction in the waste materials and global 
warming effect and so forth. Polycaprolactone (PCL), Poly(3-hydroxy butyrate-co-3 
hydroxyvalerate) (PHBV), starch based thermoplastics and Polylactide (PLA) are among 
the commercially available biodegradable polymers in the current market [2]. The 
attractiveness of PLA in market and research fields is due to its cumulative abundance, 
comparative economical affordability and adequate industrial performance. However, the 
existence of numerous weaknesses in PLA such as its feasible thermal degradation under 
certain processing conditions leading to molecular weight reduction; relatively low melt 
viscosity and strength; poor gas-liquid barrier properties etc., has led researchers to take 
different approaches, e.g. blending with different polymers and composite formation, to 
enhance the properties of this polymer.   
The rheological characterization of polymer nanocomposites are indicative of their 
processability and internal structure [3]. The reflection of viscoelastic properties of 
polymer nanocomposites in their rheological characterization is vastly related to their 
nanostructural morphology as well as the strength of polymer-nanofiller interactions. Melt 
rheological investigations of nanocomposites have demonstrated a transition from liquid-
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like to solid-like behaviour at very low to higher filler contents, respectively. The optimum 
filler loading of nanocomposites could be determined through the transition of the slope of 
low frequency storage modulus, i.e. slope (α), from liquid to solid-like behaviour.  
The melt extensional rheological characterization of polymer nanocomposites has been 
relatively limited in scientific literatures. There have been numerous contributing reasons 
behind the scarcity of the extensional rheological investigation of nanocomposites, such as 
excessive technical difficulties involved with this type of measurements, shortage of 
efficient rheological instruments to characterize the melt extensional properties, 
complexity of the mathematical constitutive equations to analyse the extensional results, 
incapability of the available instruments to perform online measurement of samples etc. 
Performing a basic search on Scopus (14/02/2013) using the keyword “extensional 
rheology nanocomposite” in “title-abstract-keyword” section of the search engine resulted 
in only 14 documents in its database (Fig. 1.1a) while the insertion of keyword 
“extensional rheology PLA” or “extensional rheology nanocomposite model” resulted in 5 
and 0 documents (Fig. 1.1b and c), respectively. Although these searches have been 
conducted nearly three years after the commencement of this research project, its outcomes 
could clearly verify the novelty and scarcity of the main aims and objectives of this study.    
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Fig. 1.1 Scopus results of searching for (a) “extensional rheology nanocomposite”, (b) 
“extensional rheology PLA” and (c) “extensional rheology nanocomposite model” on 
14/02/2013.  
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Therefore, the main aim of the current PhD thesis was to investigate the extensional 
rheological properties of nanocomposites by means of constitutive equations. This PhD 
research study has introduced PLA/nanographite platelets (NGP) composites to the field of 
polymer nanocomposites for the first time and resulted in the first peer-reviewed journal 
article on processing and characterization of PLA/NGP nanocomposite [4]. This 
pioneering work has also included the first normal stress difference (N1) analysis as well as 
the modelling of extensional rheological behaviour of PLA/NGP systems which could be 
extended to different types of nanocomposites. Therefore, the author believes that this 
original and fundamental research study would contribute significantly to the realm of 
rheological investigation of nanocomposites in general and PLA/NGP composites in 
particular. Likewise, this work has successfully developed and introduced the first 
rectangular hyperbola model of N1 behaviour of polymeric systems that covers both the 
power law and asymptotic regions at low and high shear stress zones, respectively.      
1.2 Aims and Objectives 
This work aimed to provide a combination of fundamental and applied research analysis of 
polymer nanocomposites. The fundamental part of this study investigates the extensional 
rheological behaviours of PLA/NGP composites through constitutive equation modelling, 
the first normal stress difference behaviour of the samples via innovative rectangular 
hyperbola model and the viability of the application of Winter-Chambon liquid-solid 
transition (LST) theory to the composites. The applied research section of this work 
explores the processing procedure and characterization of novel PLA/NGP 
nanocomposites. 
The objectives of this research can be summarized into the following topics: 
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 The fabrication of well dispersed PLA/NGP nanocomposites through melt 
intercalation technique at different filler contents. 
 Morphological characterization of the samples via X-ray diffraction (XRD), micro-
Raman spectroscopy and transition electron microscopy (TEM) techniques.  
 Mechanical characterization of PLA/NGP nanocomposites through Instron tensile 
testing, to investigate the relationship between filler contents and their Young’s 
modulus, tensile strength and elongation at break. 
 Thermal analysis of the samples by means of modulated differential scanning 
calorimetry (MDSC) to explore their glass transition temperature (Tg), cold 
crystallization temperature (Tc), melting temperature (Tm), endothermic enthalpy of 
melting (ΔHm) etc.  
 Exhaustive shear (dynamic and steady) rheological characterization of the samples 
to determine the rheological percolation threshold of PLA/NGP nanocomposites. 
 Systematic investigation of the applicability of Winter-Chambon LST (gelation) 
theory to PLA/NGP samples at their working temperature. 
 Extensional rheological analysis of PLA/NGP nanocomposites at their melting 
point. 
 Methodical prediction and modelling of extensional rheological behaviour of the 
samples via the application of constitutive equations. 
 First normal stress difference investigations of PLA/NGP nanocomposites through 
steady shear rheological analysis.  
 Proposition, development and simulation of an innovative rectangular hyperbola 
model to fit and predict the N1 behaviour of the samples as well as describing the 
contribution of the shear stress and filler content to this rheological phenomenon.   
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This PhD thesis is made up of the following chapters: 
 Literature Review: This chapter will include a comprehensive review and 
evaluation of the most recent and relevant published literatures concerning the 
theoretical and practical aspects of this research project.   
 Experimental: This chapter will describe the materials, equipment, experimental 
techniques and error analysis procedures applied during the course of this project. 
 Results and Discussions (Chapters 4-8): These chapters will provide analytical and 
systematic discussions of the experimental results of this research projects. Each 
chapter is a representation of the work that has been published in a peer-reviewed 
high impact factor scientific journal. More specifically, chapters 4-6 will 
thoroughly discuss the morphological, mechanical, thermal, crystallography and 
fundamental shear rheological aspects of this project while chapters 7 and 8 will 
comprehensively describe the extensional rheological modelling as well as the first 
normal stress difference behaviour of PLA/NGP composites. 
 Conclusions and Recommendations: This chapter will present a summary of the 
major findings, encountered challenges and future recommendations of this 
research project.  
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Chapter 2: Literature Review 
 
2.1 Introduction 
 
The incorporation of micro/nano-sized fillers into polymers has demonstrated significant 
enhancements in their mechanical properties; i.e. increased tensile strength and Young’s 
modulus, electrical conductivity; thermal properties; i.e. degree crystallinity and glass 
transition temperature, barrier properties; i.e. reduced permeability to liquids and gases, 
and flammability resistance [5-8]. The fabrication of the first polymer nanocomposite at 
Toyota research centre from organophilic clay montmorillonite (MMT) and Nylon-6 
exhibited improved thermal, mechanical and barrier properties in comparison with neat 
polymer [9].  In order to characterize the processability as well as the relationship between 
the structural properties and molten behaviour of polymer nanocomposites, the rheological 
investigations of such systems are indispensable. Therefore, the focuses of this extensive 
research study was on the extensional and shear rheological characterization of polymer 
nanocomposites.  
2.2 Biodegradable Polymers 
 
Research in the field of bionanocomposites can potentially be beneficial in increasing the 
efficiency of recycling waste management and greenhouse emissions. The synergistic 
assembly of nano-additives and biopolymer properties provide industry and its prospective 
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technologies with many new possible methods of reducing greenhouse emissions, 
enhancing waste management and improving sustainability [10, 11]. 
In the production of bioplastics, biodegradable natural polymers, e.g. polylactide (PLA) 
and polycaprolactone (PCL), are extracted from renewable resources such as cellulose and 
starch which are considered more suitable alternatives than petroleum-derived synthetic 
plastics. The degradation of these polymers by microorganisms generates nontoxic 
components in the environment reducing world-wide dependence on fossil fuels [12, 13]. 
On the other hand, the disposal of non-biodegradable polymers and their composites 
through incineration, may produce toxic gases and contribute to the global pollution [14].  
Research in the field of bionanocomposites can contribute to the efficiency of recycling 
waste management and greenhouse emissions. The effect of benign properties of PLA on 
the environment and its production from renewable resources make it a strong candidate as 
a substitute for petroleum based polymers. Furthermore, the manufacture and disposal of 
synthetic polymers through incineration, particularly poly (vinyl choloride) and 
polystyrene can produce CO2 and consequently contribute to global warming. These 
polymers are made of non-renewable fossil fuels and consist of noxious or toxic monomers 
[15]. The environmental concerns and the societies demand to reduce the dependence on 
limited petroleum reserves have led researchers to pay a great deal of attention to 
biodegradable polymers from renewable resources [16]. 
 
2.3 Polylactide (PLA) 
 
2.3.1 Properties of PLA 
 
P a g e  | 10 
 
PLA is amongst the thermoplastic biodegradable polyesters, currently receiving 
considerable attention for conventional applications due to its valuable qualities such as 
biodegradability, production from renewable resources and its numerous applications 
including packaging materials, production of fibres and composites for technical functions 
[17, 18]. Furthermore, there has been a recent increase in the production of PLA due to its 
high demands from packaging manufacturers as well as PLA’s application as the base 
material for devices such as suture fibers and scaffolds in the area of tissue engineering 
[19]. The available research literatures have recapitulated the advantages of PLA into the 
following main points; the consumption of carbon dioxide as a result of PLA production, 
the renewability of its monomer resources (corn and wheat), the biodegradability of its 
produced packaging materials, the viability of alteration of its physio-mechanical  
properties through polymer architecture, energy savings, significant decreases in the 
formation of landfill waste products etc. [2, 20-22]. PLA is a rigid thermoplastic 
biodegradable polymer that can be semi-crystalline, crystalline, or totally amorphous, 
depending on the stereo purity of the polymer backbone. PLA is a unique polymer that in 
many ways behaves like polyethylene terephthalate, but also performs considerably like 
polypropylene; i.e. a polyolefin. Ultimately, it has the potential to be utilised in a broad 
range of applications because of its ability to be stress crystallised, thermally crystallised, 
impact modified, filled, copolymerised, and processed in most polymer processing 
equipment [23]. Moreover, this polymer is applicable in engineering utilizations such as 
electronic and electrical devices as well as mechanical and automotive parts. These 
applications require improvements to PLA via combining this polyester matrix with 
different dispersed phases such as impact modifiers, flame-retardants, plasticizers, 
nanofillers and other polymers [24, 25]. 
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PLA is produced by catalytic and thermolytic ring-opening polymerization of lactide to 
polylactide. Therefore, the primary component of PLA is very likely to undergo thermal 
degradation during processing and  hence, efficient drying (<250 ppm) is required prior to 
the melt blending process [26]. This biodegradable thermoplastic polyester consists of 
linear aliphatic monomers, and polymerized from lactic acid derived from the fermentation 
of cornstarch [13]. Despite a number of PLA’s promising properties (i.e. biocompatibility, 
thermal plasticity and mechanical properties) it has failed to show similar satisfactory 
outcomes in its gas barrier properties, impact factor, and heat distortion temperature in 
regards to different applications [20, 27]. Insufficient thermal, mechanical, barrier and 
flame retardant properties of PLA have limited its application [28]. For example, 
automotive industry applications require sufficient mechanical properties whereas PLA is 
deficient in high durability, tight tolerances and efficient impact performance.  
The large scale production of high molecular weight PLA, i.e. higher than 100000 Da, is 
presently feasible via three major techniques; i.e. direct condensation polymerization,  
polymerization through lactide formation, and azeotropic  dehydrative condensation (Fig. 
2.3.1) [22].  
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Fig. 2.3.1 Synthesis techniques of high molecular weight PLLDA [22]. 
 
Generally, the lactide ring-opening polymerization is considered the main route to produce 
commercial scale of high molecular weight PLA resins [22]. According to this technique, 
the cyclic dimers of lactic acid (lactides) are produced through the condensation of two 
lactic acid monomers (L/D optical isomers) leading to the formation of three types of 
lactides; i.e. L-lactide (L-L lactic acid monomers), D-lactide (D-D lactic acid monomers) 
and meso-lactide (L-D lactic acid monomers) [2]. Alternatively, the commercial grades of 
PLA are the results of the copolymerization of semi-crystalline PLLA, i.e. Poly(L-lactic 
acid), and amorphous PDLLA, i.e. Poly(D,L-lactic acid).  
The control of crystallinity of PLA through the addition of nanosized particles could lead 
to improvements in PLA properties such as heat deflection temperature, overall strength, 
chemical resistance, and stiffness [29]. To date, the most popular nano-reinforcement in 
PLA studies is layered-silicate clay. This is due to the low cost, availability and sufficient 
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enhancements brought into mechanical, barrier and thermal properties of neat PLA by 
these nanofillers, in addition to acting as nucleating agents to improve the crystallinity of 
PLA [18, 30].  
Melt intercalation is the main process for fabrication of PLA bionanocomposites, due to its 
simplicity and economic viability [31, 32]. This process has been shown to produce 
interrelated nanocomposites with improved properties such as stiffness, thermal stability, 
fire retardancy and lower barrier permeability [30, 33]. Exfoliation of nanofillers in PLA 
nanocomposites has been demonstrated through in-situ polymerization of lactic acid 
monomers as well as solvent casting technique [34].   
Compared to petrochemical based polymers, PLA can easily degrade through simple 
hydrolysis, while providing major energy saving and sequestering significant quantities of 
carbon dioxide at the same time [15]. The production of PLA through polycondensation of 
lactic acid is regarded as the most efficient and expedient approach to produce PLA with 
narrow molecular weight distribution and controlled molecular weight [16, 35, 36]. The 
application of discrete catalyst design in order to control PLA’s microstructure has been a 
profound challenge during the past few years while discrete metal complexes have been 
utilized to control the polymerization of lactic acid [37-40]. The complexity of 
stereochemistry of PLA is due to the chiral nature of lactic acid, which is readily available 
from the fermentation process, making L-L lactide of significant industrial interest. The 
occurrence of racemization during the distillation process leads to the production of LD-
lactide (the meso structure) which makes it necessary to control over the ratio of L- to D-
content [15].  
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2.3.2 Correlations to Evaluate the Characteristics of PLA 
 
Othman et al. (2012) discovered the following empirical correlation between the zero-
shear viscosity (η0) and average molecular weight (Mw) of Grade 3051D PLLA [41]. 
  4.32.14
1800
10 wCT Mr


      (2.1) 
Where, Tr is the reference temperature of 180 °C. 
The glass transition temperature of PLA can be calculated through the application of 
Flory-Fox equation [22]: 
ngg MKTT /

               (2.2) 
 Where, 

gT  is the glass transition temperature at infinite wM   and K is a constant denoting 
the excess free volume of the end groups of the polymer chains [22]. The values of 

gT  
and K of low crystallinity PLLA and amorphous PDLLA have been reported as 
CandT og 5758

and 44 1030.71050.5  andK , respectively [42].  
The isothermal and non-isothermal nucleation parameters of PLA are represented in the 
following correlation [43-45]: 
kH
Tb
K
f
me
g


4
                (2.3) 
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Where; Kg, σ, σe, b, fH and k are nucleation constant, lateral surface energy, the fold 
surface energy, the layer thickness of the crystal, the heat of fusion/unit volume and 
Boltzman constant, respectively [22].  
The melt density (ρm) of PLA as a function of temperature can be evaluated through the 
following relationship [46, 47]: 
)150)((1
)/(
1
1503


CT
cmg
om 

      (2.4) 
Where, ρ150 is the melt density of PLA at 150 °C, i.e. 1.1452 g/cm
3
 , and α1 is the thermal 
coefficient of expansion, i.e. )/1(104.7 41 C
o . Alternatively, the density of solid 
amorphous PLA and purely crystalline PLLA are about 1.25 and 1.37-1.49 g/cm
3
, 
respectively [47].  
 
2.4 Polymer Composites 
 
Polymer-based composites began in the 1960s as a new concept for advanced materials. 
By dispersing strong and stiff fibre as well as platelet-like and spherical fillers within 
polymer matrices, composite materials offering significant structural benefits with respect 
to weight loss reduction, durability, and mechanical performance were developed. The 
enhanced performance of polymer composites is a result of interfacial bond chemistry as 
well as the degree of nano-additive dispersion and the resultant morphology [4]. 
As demonstrated in Fig. 2.4, the morphological structure of polymer nanocomposites falls 
into two distinct categories, i.e. microcomposites (phase separated) and nanocomposites 
(exfoliated and intercalated). The fabrication techniques such as melt intercalation 
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procedure with its relevant characteristics (e.g. applied mechanical shear, residence time 
and mixing method) and solvent casting method could determine the morphological 
structure of nanocomposites.  
 
Fig 2.4 Schematic demonstration of three morphological structures of polymeric systems 
[48]. 
The phase separation in microcomposites occurs when nanofiller sheets have not been 
intercalated by polymeric chains and the entire polymer microcomposite system maintains 
immiscibility between inorganic nanofillers and polymeric chains. In this case, the 
polymer demonstrates minimal enhancement of its properties due to the negligible 
reinforcement as a result of phase separated morphological structure of the polymer 
microcomposites. However, in intercalated polymeric systems where the nanofillers are 
penetrated by polymeric chains, the formation of well-ordered interlayer galleries leads to 
comparative enhancement of the desired properties of intercalated polymer 
nanocomposites. The third plausible morphology, i.e. exfoliation or delamination, occurs 
when uniform and utter separation of nanofillers transpires within the polymeric matrix. 
This ideal morphology could potentially induce the ultimate level of reinforcement of 
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polymeric matrix attributable to the formation of maximum surface area and aspect ratio, 
i.e. length over twice the thickness of nanofiller sheets (L/2W), of nanofillers [9].  
Melt blending PLA with other nanofillers has been shown to produce nanocomposites with 
improved properties such as stiffness, thermal stability, fire retardancy and lower gas 
permeability [30, 33]. For instance, Karger-Kocsis research found that clay nanofillers 
could have both reinforcing and polymorphism inducing effect on biodegradable polymers 
[49-51]. Besides, the crystallization rate and orientation in crystallinity has demonstrated 
enhancements in nylon-6-clay [52, 53] and carbon nanotubes (CNTs) have proven to act as 
nucleating agent enhancing crystallization temperature and rate of neat polypropylene [54]. 
In the Early 1990s, an important discovery was made in the form of carbon-based nano-
fillers which promised to revolutionize the field of nano-material science. Addition of 
minute quantities of carbon nano-tubes (CNTs) or carbon nano-fibres (CNFs) to polymer 
resins assured polymer nanocomposites with enhanced thermal, mechanical, and electrical 
performance. Significant advantages from nano-carbon dispersion were determined when 
they were dispersed in the polymer matrix. However, when carbon-based nanofillers are 
dispersed in the polymer matrix through viable mixing techniques (e.g., melt blending and 
solvent casting), they are likely to exhibit strong van der Waals’ interaction resulting in 
their agglomeration and entanglement, and subsequently, the formation of inhomogeneous 
composites [55-57]. 
2.5 Nanographite Platelets (NGPs) 
 
Nanosized carbonous filled polymer composites showed remarkable improved mechanical, 
fire resistance, electrical conductivity and barrier properties [58]. Graphene is a monolayer 
of sp
2
-hybridized carbon atoms arranged in a two-dimensional lattice, which has been 
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studied extensively due to its extraordinary thermal, mechanical and electrical properties 
[59-61]. Nanocomposites have been amongst the most promising areas of application of 
graphene based compounds [62]. Micromechanical exfoliation of graphite, growth by 
chemical vapour deposition and growth on crystalline silicon carbide are the main 
approaches to produce defect free pristine graphene with exceptional physical properties 
[59, 63]. However, these techniques do not produce sufficient quantities of graphene 
required for industrial-scale fabrication of nanocomposites [64]. Thus, producing 
nanocomposites by means of graphene-based compounds through the precursors of 
graphene (such as graphite oxide and nanographite platelets (NGPs) ) is considered a more 
feasible alternative procedure [62].  
The incorporation of Graphite oxide (GO) derived fillers into polymers has resulted in the 
fabrication of nanocomposites with significantly enhanced electrical conductivities 
(several thousands of S/m) and mechanical moduli (208-650 GPa), whereas their 
compatibility with the host polymer can be readily achieved due to their adaptable 
functionalization [65-67].  
Expanded graphite (EG) is yielded through the microwave treatment and rapid heating of 
dried powders of graphite intercalation compounds (GICs) which is itself fabricated via the 
intercalation of graphite oxide by a mixture of nitric and sulphuric acid solvent [68]. 
Subsequently, EGs can be even further exfoliated to produce nanographite platelets 
(NGPs) with 5 nm thickness through different approaches [68, 69]. GICs and GOs can be 
subsequently utilized as precursor materials to produce scalable NGPs (monolayer carbon 
sheets or few-layer platelets with heteroatoms). Dispersion similarity between nanoclays 
and graphene-based platelets has been shown in scientific literatures where nanoclay fillers 
demonstrated similar aspect ratio to graphene based fillers (maximum 1000). Furthermore, 
similar scales of dispersion, i.e. phase separation, intercalation and exfoliation, have been 
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reported for NGP/polymer nanocomposites [62]. Likewise, nanographite platelets combine 
the platelets structure, low price of clay as well as greater electrical and thermal properties 
of carbon nanotubes, which may improve the crystallization behaviour of PLA. Unlike 
lengthy and slender CNTs and carbon nanofibres, NGPs do not entangle with each other; 
reducing the tendency for agglomeration. In addition, the electrical conductivity of NGPs 
is close to the electrical conductivity of copper, while having a quarter of its density and 
fifty times higher mechanical strength than steel [70, 71]. In regards to crystallization, 
research has shown that NGPs can induce the nucleation of β-form crystals in 
polypropylene (PP), which is superior to α-form [72]. Moreover, it has been reported that 
low amount of doping of Chemically Modified Graphene Platelets (CMGPs) and 
Thermally Expanded Graphite Oxides (TEGOs) in host polymers has led to significant 
shifts in the glass transition temperature, e.g. 40 °C increase at 0.05 wt% in TEGO-
poly(acrylonitrile), due to the mobility alteration of  polymeric chains at the platelets 
interface owing to the formation of covalent bounds [73-75]. Additionally, 
NGP/polyurethane nanocomposites have demonstrated an upsurge  in their modulus (from 
10 MPa to 1.5GPa) at 55 wt% of filler loading [76].  Similar enhancement in mechanical 
properties was also reported for NGP/epoxy systems where it was attributed to the 
formation of covalent bonds between the polymer matrix and platelets [62, 77, 78]. 
Regarding the thermal conductivity of NGP/epoxy composites, substantial enhancements 
have been reported where the conductivity of neat epoxy increased from 0.2 W/m to 6 
W/m K in 20 wt% filler content composites [62, 79]. ThermoGravimetric Analysis (TGA) 
measurements have shown significant improvement in the thermal stability of NGPs and 
CMGs polymeric composites compared to neat polymers [80, 81]. Moreover, the negative 
coefficient of thermal expansion (CTE) of NGP-polypropylene nanocomposites has shown 
reduction in two directions compared to the one directional reduction in 
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CNT/polypropylene systems [82]. Regarding gas barrier properties, nanocomposites made 
of NGP and TEGOs with thermoplastics such as polypropylene and polycarbonate have 
demonstrated 20 and 39% reduction in oxygen and nitrogen permeability with only 6.5 and 
3.5 wt% filler loadings, respectively [82, 83].  
Another advantage of NGPs over other carbon fillers (e.g. as carbon black and fibres) is 
their ability to improve the properties of the composites at smaller loading. The highest 
thermal conductivity discovered so far in the research literature belongs to nanographene 
materials (six times that of copper) allowing faster thermal dissipation [84]. An additional 
significance of the fabrication of NGP composites is their relatively lower solution 
viscosity compared to CNT composites (due to their lower entanglement at high filler 
contents) which is desirable for solution-based processing techniques [85].  
NGPs are also well suited to applications that require heat stability, lubricant ability, 
thermal and electrical conductivity. More specifically, graphite consists of graphene 
nanosheets and has thermal and electrical characteristics that are more commonly 
associated with metals [58, 86].  However, some limitations of NGPs application are: 
inadequate controllability over their dispersion and orientation; their low solubility in 
organic solvents and polymers; along with the strong molecular binding between their 
stacks which restrains their functionality in the fabrication of composites [83].  
Due to the close association between NGPs and graphene, NGP/polymer systems have 
been desirable for their potentially enhanced electrical properties; in particular, their high 
electrical conductivity. This characteristic makes graphene-based materials potential 
candidates for applications where photoexcitation and/or exciton mobility/diffusion are 
required; e.g. conducting electrodes and solar panels [87-89]. Furthermore, graphene-based 
poly(aniline) composites have shown specific capacitances from 210 F/g to 1000 F/g, 
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suggesting their potential role as energy storage devices [62, 90, 91]. The randomization of 
NGPs through thermal annealing of NGP-polymer composites may enhance their electrical 
conductivity whereas increasing the alignment of the platelets via improved techniques of 
dispersion could lead to mechanical and rheological reinforcement of their composites [83, 
92].   
Overall, this breed of cost-effective carbon-based nano-dimensional materials (NGPs) 
promise to eliminate the problems associated with nano-clays, CNTs, or CNFs when 
offering potentially enhanced performance as well as being a low cost alternative [70, 71, 
93]. The potential applications of graphene-polymer composites include single molecule 
gas detection, transparent conducting electrodes and energy storage devices such as super-
capacitors and lithium ion batteries [62]. NGPs possess a combination of layered structure 
of silicate clay as well as the extraordinary thermal and mechanical properties of CNTs 
[94]. In comparison with clay nanofillers, the superior thermal and electrical conductivity 
in conjunction with the excellent stiffness, modulus and strength of NGPs make NGP 
fillers an outstanding preference for the fabrication of PLA nanocomposites. 
 
2.6 Rheological Investigation of Polymeric Systems  
 
2.6.1 Extensional Rheology 
2.6.1.1 Introduction to Extensional Rheology 
 
The rheological analysis of polymers is of great significance in determining the minimal 
changes in morphology as well as creating an essential and reliable tool for quality control 
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purposes.  Rheological investigation of (nano/micro)composites enables the researchers to 
examine their processing operation in addition to their microstructure [95, 96]. The 
importance of extensional viscosity measurement is due to the subjection of nearly all 
polymer processing systems to  extensional deformation at narrowing profile sections 
where extensional flow dominates the rheological characteristics of the deformation [97-
100]. This dominance is accentuated in processes such as blow moulding, melt spinning, 
biaxial stretching of extruded sheets and the last step before solidification which triggers 
molecular orientation [101, 102]. The occurrence of strain hardening behaviour prevents 
the formation of local weak spots as the starting point of cracks in plastic melts. Moreover, 
extensional deformations are very sensitive to molecular structure of the polymeric 
systems including degree of branching, molecular weight distribution, cross-linking etc. 
[102].  Extensional characteristics of polymeric systems can be strongly impacted by  
processing properties such as thermomechanical history (due to extrusion speed and 
temperature), residence time, homogeneity of deformation (in spinning), the degree of 
delamination of fillers within the polymeric matrix and the effect of stretching and 
relaxation (in capillary flow).   
Homogenous dispersion and alignment of reinforced fillers play major roles in determining 
the flow directions within polymeric composites [103]. The occurrence of extensional 
deformation as well as shear flow during the processing of polymer composites makes it 
indispensable to investigate these rheological properties, in order to design processing 
methods for fibre spinning, film and sheet production, and so forth. Due to “notorious” 
difficulties involved with the measurement of extensional rheology of polymer melts 
[104], substantial knowledge gaps in the study of extensional flow properties of polymers 
have still remained broad [105].  Polymer melt extensional flow occurs when the material 
is not in contact with solid boundaries; i.e. drawing of sheets, filaments and fibre spinning 
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and film blowing. There are two distinct regions in extensional viscosity measurement of 
the polymeric samples. The first region is called Linear Viscoelastic Envelope (LVE) 
where a linear and steady increase of elongation viscosity (ηE) occurs at elongation times 
(tE). This region is independent of extensional Hencky strain rate (

 ) and is very likely to 
satisfy Trouton’s ratio (ηE at LVE ≈ 3 η0). LVE is usually followed by an up-rising time 
(tηE) beyond which a sharp and rapid upward deviation of ηE occurs. The rapid increase of 
the extensional viscosity in this region follows a nonlinear pattern called the strain 
hardening region [106]. Trouton’s ratio can be satisfied at lower extensional rates; yet, this 
may not be the case for polymer composites or high Hencky rate elongations [105]. The 
occurrence of the strain hardening behaviour during extensional measurements is a 
function of Hencky rate, along with the material properties of the polymeric matrix, i.e. 
branch content, width of relaxation time distribution and molecular weight distribution 
(MWD). Furthermore, faster uprising times (smaller tηE) occur at higher Hencky rates, 
hence, the extensional analysis of polymeric materials would lead to thorough 
understanding of the flow behaviour of such systems, which is essential for the 
development and application of polymer nanocomposites.  
Rheological constitutive equations have been utilized extensively by many engineers and 
rheologists to describe the viscoelastic properties of polymeric systems, which could also 
describe both linear and non-linear rheological behaviours of neat polymers and some 
polymer composites. In non-linear rheology, each measurement can generate data that are 
only relevant to that non-linear measurement; hence, the necessity to develop constitutive 
equations to predict the non-linearity through empirical correlations has been the primary 
mission of nonlinear rheologists. Macosko (1994) attributes the correctness of a 
constitutive equation to the precision of predicting and fitting experimental data, the 
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reliability of its theoretical foundations as well as its mathematical and computational 
tractability and simplicity [104]. The general manifestation of nonlinear deformations, i.e. 
normal stress difference, shear thinning and extensional strain hardening measurements, as 
well as time dependence of rheological material functions of these deformations are the 
essential elements of an acceptable nonlinear constitutive equation [104]. However, the 
complexity of constitutive equations may cause numerical difficulties due to the complex 
nature of the equations and the complexity of the polymer composite systems caused by 
the multifaceted interactions between nanoparticles and polymer matrix. This complexity 
governs the macroscopic rheological responses along with the internal macrostructural 
evolution during the deformations of such systems. Generally, the filler-filler and polymer-
filler interactions as well as size, shape and volume fraction of nanoparticles and 
interparticle interactions could determine the flow characteristics of polymer composites 
[103, 107]. On the other hand, the extensional viscosity analysis of molten polymeric 
systems is a remarkably challenging task and the commercially available extensional 
rheometers are complex, expensive and only cover a small range of strain rates. According 
to Petrie (2006) [108], extensional viscosity measurements come with major methodical 
obstacles. Petrie suggested that aside from the stagnation point, the understanding of 
simple extensional flow is almost impossible due to it being unsteady in both Eulerian and 
Lagrangean sense. Therefore, the only plausible circumstances by which simple 
extensional flow could be understood is either via the steadiness in the laboratory scale 
where the material undergoes a varying strain rate (e.g.,  opposed jet, fibre spinning and 
contraction flow) or when the rate of flow is constant while the materials’ position changes 
(e.g. tensile testing) [108]. Furthermore, practical complications of extensional testing; 
such as limitations of stretching samples to their maximum length which can be 
accommodated in the instrument as well as the evaluation of minimum final sample radius 
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(maximum Hencky strain) at which breakage or irregularities in shape occurs, could bring 
about serious uncertainties regarding the availability of steady flow [108]. Therefore, 
understanding transient elongational flow in systems where the deformation consists of 
both shearing and extension is essential, and in order to attain this, the use of constitutive 
equations that cover all flow conditions of the material is required. Hence, in the absence 
of steady flow, the extensional viscosity theory is associated with major shortcomings 
owing to the oversimplification of transient extensional viscosity, which leads to incorrect 
concept of achieving the same time-dependence for different materials and experiments. 
Since the application of constitutive equations has shown positive outcomes in several 
studies [109-113], the transient extensional flows are the only attainable approaches that 
rheologists currently hold. Consequently, the application of transient extensional viscosity 
as a function of strain could be the only superlative existing method of evaluation of 
stretching and orientation in microstructural levels [108]. Vinogradov (1970) defined the 
transient extensional viscosity of viscoelastic materials as the rate of increase of non-
recoverable strain [114]. The theoretical approach of applying constitutive equations to 
model the transient and steady flow deformation of the samples will be provided in 
theoretical background section of this chapter. Furthermore, there are also empirical 
limitations of extensional flow measurements, which are caused by the characteristics of 
polymer melts.  At temperatures higher than melting temperature of polymers, the samples 
may change their shape because of the gravitational pull (sagging effect). Besides, the 
investigation of extensional behaviour of polymers is limited to the final strain defined by 
the instrument (maximum seven folds in RME) in spite of the intrinsic ability of polymer 
melts to be elongated more than thousand times their initial lengths [102]. Moreover, the 
conventional polymer melt elongational rheometers are incapable of real-time and on-line 
measurement of sample dimensions in order to measure the exponential increase in the 
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sample length. Thus, they have considerable limitations to measure the extensional 
viscosity. Furthermore, the influence of thermomechanical and subsequently rheological 
history of the samples are also ignored in conventional rheometers.  
The occurrence of the strain hardening behaviour of neat PLA has been reported in few 
studies. Palade et al. (2001) demonstrated this behaviour at Hencky rate of 0.1 s
-1
 and 
temperature of 180 °C in uniaxial extensional measurements of PLLA while Yamaneet al. 
(2004) observed biaxial strain hardening behaviour at extensional rates of 0.1–0.006 s-1 for 
poly(L-lactide) (PLLA) and PLLA/PDLA [poly(D-lactide)] blends at 190 °C [16, 109, 
115]. Othman et al (2011) conducted their uniaxial extensional study at controlled 
temperatures of 90, 110 and 130 °C (Fig. 2.6.1.1.1 ) to prevent the sagging effect in SER-2 
fixture of their MCR 501 rheometer [16]. Those temperatures were close to the glass 
transition temperature of their neat PLA samples (50:50 L and D, 165.60 10
3
 Mw) which 
ensured the viscosities of their samples remained sufficiently high during extensional 
testings. They reported the existence of strain hardening behaviour only at extensional 
temperatures of 90 and 110 °C and Hencky strain rates of 1 and 10 s
-1
 merely. 
Thus far, Sinha Ray and Okamoto (2003) conducted the only published research on the 
extensional behaviour of PLA composite (Fig. 2.6.1.1.2) where high-molecular weight 
PLA (D content of 1.1–1.7% produced by Cargill-Dow method) and 3 wt% organically 
modified layered silicates (C18-MMT5) composites underwent elongational testing at 170 
°C through RME [116]. They were unable to report the elongational viscosity of pure PLA 
which they attributed it to the very low shear viscosity of their samples at 170 °C, which 
was lower than the viscosity range of their instrument (>10
-4
 Pa.s). 
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Fig. 2.6.1.1.1 Tensile stress growth coefficient as a function of time measured at various 
Hencky strain rates for L50D22 PLA at (a) 90 °C; (b) 110 °C and (c) 130 °C [16]. 
 
Fig. 2.6.1.1.2 Time variation of elongational viscosity for 3 wt% organically modified 
layered silicates and PLA nanocomposite (PLACN5) melt at 170 °C [116]. 
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The Kaye-Bernstein-Kearsley-Zapas (K-BKZ) rheological constitutive integral equation 
has been broadly used to investigate the linear and nonlinear rheological characteristics of 
several polymer melts. In computer-aided engineering of polymer processing science, the 
K-BKZ equation has shown the capability of accurate modelling of the experimental melt 
rheology under shear, uniaxial, biaxial and planar deformation of polymers [117-121]. The 
determination of the damping function, h(γ), of K-BKZ equation is the prerequisite for the 
application of this constitutive model.  There are three forms of damping function: (i) 
Wagner-Demarmels (WD), (ii) Papanastasiou-Scriven-Macosko (PSM) and (iii) PSM-
Luo-Tanner (PSMLT) forms. In contrast to Wagner h(γ), the application of  PSM and 
PSMLT versions of K-BKZ model has attained considerable success in the modelling of 
extensional deformation flow [122, 123]. PSMLT sigmoidal damping function results in 
prediction of well-behaved steady shear viscosity and first normal stress difference up to 
high shear rates and it well accounts for rheological responses of viscoelastic materials in 
simple shear and extensional flows.   Furthermore, unlike Wagner’s experimental damping 
function that alters in shear and extensional flows while being inaccurate for small and 
large strain regions, PSMLT sigmoidal damping function remains constant and accurate in 
different flows and strain regions [123, 124]. 
 
2.6.1.2 Theoretical Background of Extensional Rheology 
 
Extensional strain measurements are evaluated with two methods, i.e. Cauchy 
(engineering) strain (εC) and Hencky Strain (εH).  
(2.5) 
 
)/(1/ 00 LLLL f
C  
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Where, L0 and Lf are the sample length at the beginning and the end of the test. The cross-
sectional area perpendicular to the direction of flow: 
)exp()( 0

 AtA
                              (2.7)
 
Where 

  is Hencky strain rate (the strain rate tensor) which is the time derivative of 
extensional Hencky strain. 
 
 
2.6.1.2.1 Trouton’s Viscosity 
 
The evaluation of Trouton’s viscosity is of great importance to validate firstly the 
viscoelasticity of the samples and secondly the accuracy of the experimental data.  
The strain tensor relationship in fluid dynamics is as follow: 
)(5.0 TD                                  (2.8) 
Where ν is velocity tensor and T  is its transpose. For incompressible liquids the tensor 
of strain rate (D(t)) becomes [102]: 
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Where h(t) is unit step function (0 for t<0 and 1 for t>0), and time-independent parameter 
m ( 1
2
1
 m ) is a description of nature of the extensional flow, i.e. m=-0.5, 1, 0 for 
uniaxial, equibiaxial and planar flows, respectively.  
In the case of incompressible Newtonian fluids with constant shear viscosity of ηs, the 
tensile (elongation) stress is defined as: 
)()(2)( tptDt s                                                 (2.10) 
Where p is pressure and δ is the unity matrix. Therefore, the tensile stress tensor becomes: 
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In the case of uniaxial elongation flow: 

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And finally the uniaxial extensional viscosity of Newtonian fluids known as Trouton 
viscosity [125] is defined as: 
s
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2.6.1.2.2 K-BKZ Constitutive Equation Modelling 
 
The following equation denotes the K-BKZ model applied in this research: 



t
dtIIIhttCttt '),()',()',()( 1
   (2.15)
 
Where σ(t), μ(t,t’), h(I, II), C-1(t,t’) are stress tensor, memory function, damping (strain) 
function and Fingers strain tensor (the transpose of Cauchy strain tensor), respectively and 
I, II are the first and second invariants of the Finger strain tensor.  
The memory function in terms of generalized Maxwell model is expressed as an 
exponentially fading term, i.e. 
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Where, Gi and λi are relaxation strength and time components of relaxation spectrum of the 
material.  
Meissner et al. (1982) expressed the strain tensor components (Finger and Cauchy tensors) 
with introducing parameter m [126, 127]: 
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Where, )]'(exp[ tt 

 is the principle stretch ratio in terms of Hencky rate and m is a 
material parameter corresponding to the type of extensional deformation. The stress 
growth coefficient in extensional flow is defined as: 
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Isaki et al. (2003) categorized the stress growth coefficients of uniaxial, biaxial and planar 
extensional deformations as [127]: 
Uniaxial:  0,,5.0 21  Em  
Biaxial: 21,1   Bm  
Planar: 2211 ,,0   PPm  
Therefore, Finger tensor of uniaxial extensional flow becomes: 
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2.6.1.2.3 PSMLT Damping Function 
 
In nonlinear viscoelastic region, the separability of memory function (μ(t, t’)) leads to the 
necessity of the following relationship between linear and non-linear relaxation modulus 
[123]: 
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Papanastasiou et al. (1983) introduced the damping function form of )/(),(
2 IIIh
to show that when   2  , a linear and strain-independent memory function can be 
deduced and if  2 the non-linearity and strain-dependence of memory function is 
satisfied. In the case of simple shear, i.e.
23  III  , the damping function can be 
generalized to a simple function of two invariants [123]: 
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When factor 3 is introduced at vanishing strain: 
1)3(lim)3(lim)0(lim  IIhIhh   
Therefore, since the first and second invariants are identical in simple shear flow, the 
determination of parameter β is only possible via extensional data. In actual fact, the 
magnitude of parameter β can only be determined through extensional flow properties of 
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materials. In addition, parameter β in uniaxial elongation rheology can accommodate for 
extensional-thinning, extensional-thickening and steady-state viscosity of the samples 
[123]. 
In practice, the damping function can be experimentally evaluated from the stress-
relaxation test; hence, h(I,II) in shear deformation becomes [128]: 
)(),( hIIIh                                                       (2.23) 
Where 
)1(
1
)(
),(
)(
20 




tG
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h  , and G(t, γ) and G0(t) are the relaxation modulus of the 
samples in nonlinear and linear shear flows. The material parameter α is initially calculated 
from shear results and it eventually leads to the evaluation of extensional damping function 
in the following proposed form: 
PSMLT model damping function:  
                                                         (2.24) 
 
Where, α and β are the material parameters determining the nonlinear response (i.e. strain 
hardening) of uniaxial extensional deformation evaluated from shear and uniaxial 
extensional tests. The first and second invariants of Finger strain tensor are calculated as:   
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Where 't are all the past times relative to present time t.   
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Finally, the extensional viscosity of the samples is determined from the following 
modified K-BKZ constitutive equation: 
           (2.27) 
                                                                                                             
 
2.6.2 Shear Rheology of Polymer Nanocomposites 
 
2.6.2.1 Shear rheology Measurements: a Theoretical Background 
 
2.6.2.1.1 Time-Temperature Superposition and Cox-Merz Relation 
 
For thermo-rheological materials, bi-logarithmic plots of loss and storage modulus, as well 
as complex viscosity as a function of frequency can be superimposed by horizontal shifts
)log( Ta  and vertical shifts )log( Tb  versus )log( T  axis [129], Where Tref is the reference 
temperature: 
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Due to the complexity of measuring the steady shear viscosity of highly elastic fluids and 
polymers at high shear rates using conventional rheometers, a simple empiricism known as 
Cox-Merz relation is applied to estimate the shear viscosity of the material. It was almost 
unfeasible to measure the shear viscosity of polymer melts at shear rates greater than one 
with basic flow geometries such as parallel plate arrangements [130]. Thus, high frequency 
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oscillatory data were employed to approximate the steady shear viscosity of polymer melts 
via the following equation 2.28 [131]: 
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2.6.2.1.2 Carreau (1972) and Carreau-Yasuda (1979) Models 
 
Measuring shear viscosity at high shear rates is generally a difficult task, and thus, 
different models have been developed by various researchers to tackle this issue. The 
Carreau model (1972) is a prominent three-parameter model given in equation 2.29: 
 
2
1
2
1
n

















 o
                                                         (2.29) 
                                                                      
Where λ (s) is the characteristic or relaxation time, η0 (Pa.s) is the zero-shear viscosity and 
n is a dimensionless parameter which determines the slope of shear viscosity versus shear 
rate in the shear thinning (power law) region (i.e. slope = n - 1 where 0 ≤ n < 1, special 
case: Newtonian flow, where n = 1 or 0

n ). On the other hand, the Carreau-Yasuda 
model (1979) is a five-parameter model which predicts improved fits and is known as the 
most reliable model estimating zero-shear viscosity of polymer melts [130]. It is shown in 
equation 2.30:   
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Where parameter a improves the depiction of the transition zone between Newtonian flow 
and shear thinning regions (i.e. a = 2 in Carreau model). η∞, is the shear viscosity at very 
high shear rates. However, due to its inaccessibility in this study, it was subsequently 
eliminated from equation 2.30.  
 
 
 
2.6.2.1.3 Liquid-Solid Transition and Percolation Threshold Investigation:  
 
According to Winter and Chambon [132, 133], the simple relaxation behaviour of the 
critical gels is followed by a power law relaxation modulus, where, S (gel strength) and n 
(relaxation exponent) are the characteristics of the critical gel : 
nSttG )(           For    t0                          (2.31) 
The power law region is assumed to be extended to infinite time. The longest relaxation 
time (λmax) diverges to infinity from the liquid region to the liquid-solid transition (LST) 
region. Beyond the LST, where the material shows solid-like behaviour, the relaxation 
modulus demonstrates finite values at long times. This finite modulus is called equilibrium 
modulus (Ge) and has the following mathematical definition: 
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The value of Ge can be estimated from the relaxation modulus plot and is greater than zero 
only beyond the gel point. The magnitude of the longest relaxation time or the 
characteristic time (λmax) can be determined at the intersection between Ge and nSttG )(  
which is also the intersection of the power law region and the linear (horizontal) section of 
the plots [134]: 
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The storage and loss moduli of a critical gel obey a scaling law with the same exponent n 
[135]: 
nGG  )("),('    Where 0 < n < 1                                (2.34) 
)2/tan(tan)("/)('  nGG                                   (2.35) 
 
'G  and "G  at the gel point are given by the following formula [136], where 
cGGGG )'/"('/"   is the value at which the curves intersect in a single point and Γ(n) is 
the gamma function. 
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The relaxation modulus is calculated in terms of the Laplace transform of the relaxation 
time spectrum as well as the equilibrium modulus [136]. 

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The following self-similar Chambon-Winter (C-W)  relaxation spectrum was found during 
chemical gelation analysis [137, 138]. This relaxation spectrum is only valid in the 
relaxation time range of 0 < λ ≤ λmax where it remains a non-negative function [139]: 
n
n
S
H 

 
)(
)(         For   0                 (2.40) 
The relaxation exponent (n) is restricted to values between 0 and 1. The value of n reaches 
zero for Hookean solids and n < 1 is necessary to assure a diverging zero-shear viscosity at 
the gel point. The relaxation exponent (n) and the gel strength (S) determine the linear 
viscoelastic behaviours of critical gels (equation 2.31). The lack of universal values for 
critical gels’ relaxation exponents, results in the existence of n values, where the critical 
gel is either soft and fragile (n tends to 0 and S is small) or stiff and hard (n tends to 1 and 
S is large ) [136]. 
 
Bhattacharya et al. (2007)  [140] defined the percolation threshold for filler loading as the 
level beyond which the formation of a three-dimensional percolated network is established 
and the filler-filler interactions become significant. Thus, the evaluation of the percolation 
threshold can be performed during the linear viscoelastic regime when a sudden change of 
behaviour (slope (α)) occurs from liquid-like response to solid-like response [141-143]. 
This transformation could be due to the fact that as the filler content increases, the 
frequency dependence of the composites decreases and the moduli tend to become ω-
independent at the terminal region. Consequently, such an end-result could cause the 
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exhibition of a solid-like behaviour at low frequencies, indicating the formation of 
percolation networks within the polymeric matrix.   
 
2.6.3 First Normal Stress Difference (N1)  
 
The shearing of viscoelastic materials between two parallel surfaces at a considerable 
shear rate results into the formation of viscous shear stress (σ12) and normal stress 
differences (N1= σ11- σ22, N2= σ22- σ33). The flow direction and the perpendicular surface 
at which the fluid is sheared are indicated by 1 and 2 while 3 is the neutral direction [104] . 
N1 is the largest of two normal stress differences and it is responsible for rod climbing 
behaviour of viscoelastic materials. In the case of isotropic materials, the magnitude of N1 
is greater or equal to zero and in parallel plate and cone and plate rheometers, it pushes 
apart the contact surfaces. The magnitude of the second normal stress difference (N2) is 
usually much smaller than N1 and it is always negative. According to Keentok et al. (1980) 
and Ramachandran et al (1985) the relationship between N1 and N2 is given by
3.0/05.0 12  NN  [144, 145]. In the zero shear viscosity region of steady shear rheology 
where shear viscosity, i.e. 

  /12 , becomes independent of shear rate, the first and 
second normal stress differences at low shear rate region approach the limit of 

21, NN    
and consequently, the normal stress coefficients (ψ1, ψ2) approach constant values: 
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Although at low shear rates η and ψ1 approach constant values (η0, ψ1, 0), they exhibit a 
continuous and dramatic decrease in magnitude at higher shear rates, i.e. nonlinear shear 
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thinning behaviour. The deviation of zero-shear behaviour occurs when shear rate (

 ) and 
consequently shear strain ( t

  ) are beyond the limit of their linear viscoelastic region. 
The steady state zero shear viscosity (η0) and ψ1, 0 can also be evaluated from low 
frequency linear viscoelastic measurements via dynamic frequency sweep analysis: 
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Following step shear strain measurements of polymer melts and solutions, the shear stress 
and the first normal stress difference (N1) can be correlated to each other through Lodge-
Meissner relationship [146]: 
)(2121 tGN                        (2.44) 
Where, γ is the shear strain and G(t) is the relaxation modulus. Lodge-Meissner rule 
suggests that at sufficiently low strains, the stress ratio )/( 121 N tends to become equal to 
the strain [146]. Thus, in the case of isotropic elastic solids, the stress ratio is always equal 
to strain while Doi-Edwards theory predicts the equality of stress ratio and strain [147]: 
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                                          (2.45) 
Subsequently, when the time-strain superposability is applicable (thermo-rheologically 
simple materials), the transient first normal stress difference in terms of shear damping 
function , i.e. h (γ), becomes [147]: 
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The above correlations (Eqs. 2.46 and 2.47) have successfully described the experimental 
data for LDPE for strain up to 30, polybutadiene solution for strain up to 3.3 and 
polystyrene solution for strain up to 8 [147-150]. It must be taken into consideration that 
the measurement of the transient normal stresses differences (N1 and N2) is rather 
challenging due to the errors caused by the temperature variations and compliance of the 
instrument [151]. Furthermore, the “wall-slip” effect could result in significant inaccuracy 
in step-strain experiments and the true strain could be even lower than the nominal strain 
instigated by the displacement of the surfaces of rheometers’ fixture. Therefore, when the 
Lodge-Meissner relation is not satisfied, it could be deduced that the wall-slip effect has 
occurred, hence, the nominal strain would be replaced by the stress ratio when reporting 
the first normal stress difference and shear stress data. 
Due to enormous measurement difficulties, the elasticity of melt polymeric systems has 
not been studied to the same extent of shear measurements [152, 153]. Some of the 
common methods of evaluation of the elasticity include normal force measurements, 
capillary flow entrance pressure drop and extrudate swell. One approach to measure the 
elasticity of melt polymers in steady shear experiment is to measure N1 of the samples.  
2.6.3.1 Mechanisms of Steady Shear Rheology in Polymer Composites 
 
In polymer nanocomposites (PNCs), where polymer-adsorption induced interparticle 
bridges are formed through polymer-mediated interparticle interactions, the influence of 
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particles on polymer dynamics is considerably higher than the colloid limits where the 
interparticle distances are larger than the size of polymers [154]. In order to investigate the 
steady shear rheological properties of polymeric systems from macromolecular structure 
and relaxation behaviour standpoints, it is indispensable to investigate the zero shear 
viscosity ( 0P ) and first normal stress difference of polymer matrices in linear viscoelastic 
region through Rouse model [155]: 
PP N0
0 ~                           (2.48) 
2
0
30
1 )(~ 

PP NN                          (2.49) 
Where τ0 is the relaxation time of the polymer’s monomer, Np is the number of segments 
in the polymer chain and 

 is the shear rate. Alternatively, the finite extensibility of 
polymer chains results in the nonlinear viscoelastic behaviours of neat polymers. The 
critical shear rate (

 ), i.e. the onset of nonlinear shear thinning region (

  ), can be 
described as the shear rate at which the extension of chains in the direction of flow brings 
about a concomitant contraction in the gradient direction [154]. According to Semenov and 
co-workers [156, 157], the critical shear rate, viscosity and first normal stress difference 
are predicted as:  
Critical shear rate, 
2/3
0
1
~ 

PN

                           (2.50) 
The relationship between shear viscosities in linear and non-linear viscoelastic regions, 
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The relationship between first normal stress differences in linear and non-linear 
viscoelastic regions, 
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Semenov model of first normal stress difference based on the critical shear stress: 
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The zero viscosity of PNC suspensions has exhibited growth as a result of the addition of 
hard-sphere colloidal particles. The particles volume fraction (ϕ) and the boundary 
condition at the solid interface are the only governing elements of the magnitude of such 
growth. The following relationships determine this trend in dilute concentrations [158-
161]:  
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Where ηr is relative viscosity, η the viscosity of the suspension form of PNCs, ηP is the 
viscosity of solvent (pure polymer),   
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5
is the Einstein coefficient of 
suspension and λ is the slip length which represents the stress transfer boundary condition 
at the particle-polymer interface (  0  for no-slip to perfect slip situations 
respectively). However, for more concentrated suspensions the following empirical 
equation was proposed by Krieger and Dougherty [162, 163]: 
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Where, ϕmax=0.63-0.68, embodies the maximum packing fraction for the colloids and it 
provides a satisfactory fit to concentration dependence of viscosity over a wide range of 
volume fractions (ϕ) [154].   
 
2.6.3.2 Dependence of Viscosity on Shear-Rate 
 
Pryamitsyn and Ganesan (2006) investigated the steady shear rheology of a model system 
of well-dispersed spherical nanoparticles in unentangled polymer matrix, i.e. short polymer 
chains where topological constraints between polymers do not manifest in the macroscopic 
rheology [154], through computational simulation. Their shear viscosity results were 
consistent with PNC systems and filled polymer melts of different studies, where the 
addition of nanofillers caused an accentuated shear thinning behaviour and finally 
asymptoted at higher shear rates to a filler content independent viscosity behaviour [164-
168] Prior to their modelling investigation, the mentioned observations were explained 
either as the existence of higher shear rates in the gaps between nanofillers leading to 
faster shear thinning of the polymeric matrix or the occurrence of agglomerated networks 
of the colloidal particles which could be also manifested as the yield stress at low shear 
rate [167, 169-171]. Nevertheless, due to the absence of yield stress in Pryamitsyn and 
Ganesan (2006)’s simulation of well dispersed PNC model, the contribution of particle 
aggregation to enhanced shear thinning behaviour was excluded [154].  
They also found that the addition of nanoparticles to PNCs with chain lengths Np=4, 16 
and 24, caused reduction in the elasticity of samples (N1/σ = recoverable strain or 
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Weissenberg number). Their results showed that in diluted systems, the addition of 
nanofillers initiated a reduction in N1 magnitudes while for concentrated systems with 
shortest chain length (Np=4) the decrease in N1 was associated with positive and negative 
values at low and high shear rate regions, respectively. On the other hand, the first normal 
stress behaviour of concentrated suspensions with longer polymer chains (Np=16, 24) 
exhibited shear stress dependence of N1 governed  by exponent n of the following 
empirical Mall-Gleissle relationship at low shear stresses (0.01< σ <1) [172]:   
nAN  )(),(1                 (2.56) 
Where, A is a volume fraction dependent parameter which characterizes the particle 
contribution to N1 and n is a volume fraction independent exponent expressing the 
rheology of the samples. Conversely, the occurrence of asymptote to a concentration 
independent value was evident at higher shear stresses (σ >1).  
In summary, the reduction in N1 as a result of the addition of nanofillers could be 
categorized into the following three regimes. In short chain-concentrated (SC) systems, the 
decrease in N1 is positive at low and negative at high shear rate regions resembling the 
behaviour of colloidal hard-sphere dispersion in simple fluids [154]. For long chain-
concentrated (LC) systems, the reduction in N1 is primarily   governed through exponent n 
(Eq. 2.56), indicating the shear stress dependence of first normal stress difference while it 
becomes concentration independent at higher shear rates. Dilute systems of both small and 
large polymeric chains (SD, LD) exhibit similar behaviours at which exponent n remains 
relatively constant while A(ϕ) function monotonically decreases with volume fraction. 
These regimes have shown consistency with earlier studies conducted on PNCs and filled 
polymer systems where the reductions in N1 occurred as a result of filler loading. Aral and 
Kalyon (1997) reported negative N1 values at high concentrations of glass beads in 
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polymeric matrix (SC system) [173]. Krishnamoortiet al. (2001) noticed insignificant 
reduction of N1 upon the addition of small loading fraction of clay in polymeric matrix 
(LD system)[174]. Mall-Gleissle et al. (2002) demonstrated the applicability of Eq. 2.56 
with a constant exponent n and a decreasing A(ϕ) function in low volume fraction of glass 
beads in silicon oil (SD systems) [172]. White and Tanaka (1981)  suggested that the yield 
stress of matrix is the principal contributing factor behind N1 reduction of samples upon 
which the fading N1 is due to reaching yield stress, nonetheless, the absence of yield stress 
in Pryamitsyn and Ganesan (2006) simulations refuted this hypothesis [175]. Mall-Gleissle 
et al. (2002) divided the overall first normal stress difference of the samples into two 
contributing elements; small and negative values of particles’ N1 and positive N1 values of 
polymeric matrix, though, their postulation could not provide adequate explanations for 
volume fraction independent long chain-concentration (LC) systems[172].  
In conclusion, the mentioned outstanding gaps in the extensional and shear rheological 
studies of polymer nanocomposites in general and PLA/NGP nanocomposites in particular, 
have been the main focus of this research. Mechanical, thermal and morphological 
characterizations of these novel nanocomposites (PLA/NGP) were initially evaluated. 
Shear and extensional rheological properties of the composites were thoroughly analysed 
and correlated with their non-rheological characterizations.  Therefore, this research study 
aimed to resolve the major limitation in the extensional rheological modelling of 
PLA/NGP nanocomposites; i.e. the effect of filler content on the material parameters (α 
and β) in the constitutive extensional modelling of the nanocomposites.  
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Chapter 3: Experimental 
 
This chapter aims to discuss and demonstrate the experimental aspects of this research, 
including: the raw material characteristics and acquisition; processing procedure and 
conditions of PLA/NGP nanocomposites fabrication; mechanical, thermal, micro-Raman 
spectroscopy and morphological characterization techniques of the samples; shear and 
extensional rheological procedures to evaluate the rheological behaviours of the prepared 
samples. Data analysis techniques employed during the course of this research will also be 
demonstrated in this chapter.     
3.1 Materials  
 
The materials utilised in the production of the PLA/NGP nanocomposites were Grade 
3051D Poly (L,L-lactide) and Nanographite platelets (NGPs) . 
3.1.1 Polylactide (PLA) 
 
Grade 3051D Poly (L,L-lactide)- (PLA) was supplied by NatureWorks LLC with melt 
index and specific gravity of 10-30g/10min and 1.24, respectively. Table 3.1.1.1 
demonstrates the physical, mechanical and molecular characteristics of this grade of PLA 
[41, 176].  
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Table 3.1.1.1 Physical, mechanical and molecular properties of grade 3051D of PLLA.  
          
Type of Property Characteristic Unit Scale ASTM 
Physical  
Specific Gravity - 1.25 D792  
Melt Flow Index 
g/10 min @ 
210ºC 
10 to 25 D1238 
Relative Viscosity N/A 3.0 to 3.5  - 
Crystalline Melt Temperature  °C  150 to165 D3418 
Melting Temperature (Tm) °C  150 - 
Glass Transition Temperature (Tg)  °C  55 D3417 
Clarity  - Transparent  -  
Mechanical  
Tensile Yield Strength MPa 48 D638  
Tensile Elongation % 2.5 D638 
Notched Izod Impact ft-lb/in  0.3  D256 
Flexural Strength MPa 83 D790  
Flexural Modulus MPa 3828 D790 
Molecular  
Average Molecular Weight (Mw)  g/mol 92.5 x 10
3
  - 
Mw/Mn  - 1.82 - 
Intrinsic Viscosity (η)  mL/g 89.5 - 
Hydrodynamic Radius (Rh) nm 10.6 - 
Gyration Radius (Rg) nm 16.6 ± 7.1   - 
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3.1.2 Nanographite Platelets 
 
Nanographite platelets (NGPs) are one atom-thick planar sheet of sp
2
-bond carbon atoms. 
NGPs of this research were supplied by XG Sciences, Inc. US Michigan and the grade of 
NGP used for this study was “M” with the following characteristics: average thickness of 
approximately 6 - 8 nanometers, average particle diameters: 5, 15 or 25 microns and  
typical surface area of 120 to 150 m
2
/g [177].  The formation of carboxyl, lactone, pyrone, 
hydroxyl, carbonyl, imine and amine functional groups at the edges of NGPs occurs as a 
result of the reaction of the exposed carbon atoms at the edges with the atmosphere 
(depicted in Fig. 3.1.2.1).  
 
Fig. 3.1.2.1: Nanographite platelets (NGPs) [177]. 
 
3.2 Processing  
Drying of PLA to less than 250 ppm is the necessary first step before the processing phase. 
Thus, PLA pellets used in this study were first dried in a fan dryer at a temperature of 50 
o
C for 7 days earlier than the melt blending process.  
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PLA pellets and nanographite platelets (NGP) were dry mixed in the desired composition 
before melt blending in 700g batches. Table 3.2.1 shows the compositions (nominal wt%) 
and the codes of neat PLA and PLA/NGP samples (hereafter, samples are referred to 
according to their sample codes).  
 
Table 3.2.1 Compositions of PLA/NGP composites and their corresponding sample codes. 
  Sample Code 
Compositions (wt%) neat PLA PLA01 
 
PLA02 PLA03 PLA05 PLA07 PLA10 2X (neat PLA) 2X (PLA03) 
PLA  100 99 
 
98 97 95 93 90 100 97 
NGP  0 1 
 
2 3 5 7 10 0 3 
Times extruded (no.) 1 1 
 
1 1 1 1 1 2 2 
 
 
Samples were melt-blended in a Brabender twin screw extruder (Fig. 3.2.1). The speed and 
temperature of the extruder were set at 180 
o
C and 40 RPM, as too high or too low 
extrusion temperatures or speed may result in thermal degradation and/or insufficient shear 
for proper mixing of the samples. Subsequently, the extruded composites were pelletized 
and then stored in a vacuum oven at 50 
o
C before further processing.  
In relation to the shear rheological testing, dried pellets were compression moulded (Fig. 
3.2.2) into 2 mm thick circular plaques with 20 mm diameter. Regarding Instron tensile 
testing, the dried pellets were compression moulded into dog bone-shaped ASTM D638 
specimens. Eight specimens were fabricated for each sample. Concerning the extensional 
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rheological measurements, the pellets were moulded into 57x7x1.5 mm
3
 rectangular 
cavities, to be tested in RME [178]. The compression moulding temperature was set at 180 
o
C and the compression force was kept at 80 kN for 5 minutes. Cooling water was used to 
cool the moulding press from 180 to 50 
o
C. Following the compression moulding 
procedure, the samples were stored in a vacuum oven at 50 
o
C. Portable desiccators 
containing silica gels were used to carry the samples from the vacuum oven to 
characterization instruments.          
                                                                                             
 
Fig. 3.2.1: Brabender twin screw extruder [2]. 
 
Fig. 3.2.2: Compression moulding instrument [2]. 
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3.3 X-Ray Diffraction (XRD) 
 
In order to perform Wide angle X-ray (WAXS) analysis on the samples, a Rigaku X-ray 
diffractometer (wavelength = 0.154 nm) with 40kV accelerating voltage and 40 mA 
current for recording data within a range of 2θ =10~80
o 
was utilized (Fig. 3.3.1). Bragg’s 
equation (Eq. 3.1) was employed to interpret the XRD data: 
)sin(2  dn                                                                    (3.1) 
Where n is the order of reflection, λ is the wavelength of radiation, d is the interlayer or d-
spacing and θ is the half scattered angle [179]. 
 
Fig. 3.3.1: Rigaku X-ray diffractometer [180]. 
 
3.4 Micro-Raman Spectroscopy 
 
Further investigation of the microstructural characteristics of the composites was carried 
out using micro-Raman spectroscopy. Micro-Raman characterization, i.e. via Renishaw 
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InVia spectrometer (Fig. 3.4.1), was performed with 633 nm wavelengths at a laser power 
of 1.7 mW and with 3 accumulations for 20 s exposures [181].  
The interaction between matter and light is investigated via inelastic scattering of light 
through Raman spectroscopy. A monochromatic source of light (such as laser) is applied 
to focus on the sample through its photons while the scattered photons lead to the analysis 
of the samples. The interaction between the photons and matter shifts the photons 
wavelengths either higher or lower. The combination of a Raman spectrometer and an 
optical microscope results in the formation of a micro-Raman spectroscopy which 
facilitates the production of Raman spectra of microscopic regions of large samples or 
microscopic samples in general. This initiates the requirement of significantly smaller 
samples as well as the improvement of the analysis of considerably localized areas of 
samples [182].  
 
 
Fig. 3.4.1: Renishaw inVia Raman spectrometer [183]. 
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3.5 Transmission Electron Microscopy (TEM) 
 
Transmission Electron Microscopy (TEM) images were obtained through a Philips CM200 
(Fig. 3.5.1) operating at an acceleration voltage of 120kV. Professor Hyoung J. Choi’s 
team at the department of Polymer Science and Engineering (Inha University, Korea) 
conducted the TEM analysis of this research project. The samples were ultramicrotomed 
using a RMC ultramicrotome with CR-X Cryosection at -160 
o
C. TEM micrographs were 
printed on A4 sheets and the filler dimensions were measured and analyzed according to 
the image magnification of 0.2µm.   
The morphological, crystallographic, topographical and compositional analysis of samples 
can be performed through the application of energetic electrons of TEM. This results into 
the production of two dimensional, high resolution images up to one nanometre 
magnification [184].  TEM produces high resolution black and white images of the 
interactions between prepared specimens and the high energy electrons. The electrons that 
pass through the electromagnetic lenses are converted to the light to produce images. The 
quality of images is determined through the adjustment of the voltage and consequently the 
speed of electrons during transmission, which is in accordance with the electron 
wavelength, i.e. the higher quality of image is obtained via shorter wavelength and faster 
electron movements. The electron transparency of samples occurs via sample preparation 
techniques; such as slicing them into very thin specimens, dehydration, sputter coating of 
non-conductive materials, sectioning, cryofixation and staining prior to the TEM analysis 
[184]. 
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In order to prepare ultra-thin slices of the specimens, the samples were cooled down to -80 
°C prior to being microtomed using a diamond knife (1 mm
2
 and 60 nm superficial area 
and thickness respectively) [3].   
 
Fig. 3.5.1: Philips CM200 TEM [185]. 
 
3.6 Mechanical Testing Measurements 
 
Tensile testing measurements were performed using an Instron 4467 Universal testing 
machine (Fig. 3.6.1) in accordance to ASTM D638M norm at speed rate of 1 mm/min with 
a distance of 115 mm between the grips and 50 mm separation of extensometer. The 
tensile measurements were carried out at ambient temperature where certain mechanical 
properties of the samples such as tensile and flexural strength, Young’s modulus and 
elongation at break were measured and analysed simultaneously.  
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Fig. 3.6.1: Instron 4467 Universal testing instrument [2].  
 
3.7 Modulated Differential Scanning Calorimetry (MDSC) 
 
Thermal property characterization of the samples was performed by modulated 
temperature differential scanning calorimeter (MDSC) via TA Instrument Model 2920 
(Fig. 3.7.1). Samples were heated and cooled in nitrogen atmosphere. Samples of 
approximately 7-9 mg were encapsulated in aluminium pans. An empty sealed aluminium 
pan and lid was used as the reference. The first heating scan was run at 2 
o
C min
-1
 and 
modulated at ± 0.5 
o
C/40sec from 0 
o
C up to 200 
o
C. The samples were held at this 
temperature for 2 minutes, and then the first cooling scan was run at 2 
o
C min
-1
down to 0 
o
C. The second heating scan was also run from 0 to 200 
o
C at 2 
o
C min
-1
. The first 
scanning cycle was applied to erase the thermal history of the samples. In order to 
minimize the possible effect of non-uniformity of the micro-size DSC specimens, the 
reproducibility of the result was examined using three specimens in each sample.    
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Fig. 3.7.1: DSC TA Instrument Model 2920 [2]. 
 
3.8 Rheological Measurements 
 
The samples’ rheological characterizations were thoroughly explored via shear (dynamic 
and steady) and extensional rheological investigations. 
 
3.8.1 Shear Rheology 
 
The dynamic and steady shear measurements were performed through an Advanced 
Rheometrics Expansion System (ARES) rheometer by TA Instruments (Fig. 3.8.1.1) with 
parallel plate geometry using 20 mm diameter plates. A force transducer with a torque 
range of 0.2 to 200 gm-cm was applied to all measurements. Dynamic shear measurements 
were performed by applying time dependent strain of )sin()( 0 tt   and measuring 
resultant shear stress of )]cos()(")sin()('[)( 0 tGtGt    where 'G  and "G  are 
storage and loss moduli [116]. The samples were initially 2 mm thick, but were then 
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reduced to 1.65 mm through gap size setting prior to the commencement of the 
measurements. The temperature range of dynamic measurements was 170-200 
0
C and the 
steady shear measurements were performed at 180 
0
C, consistent with the application of 
the typical processing temperature of PLA. A strain amplitude of 5% was applied to the 
samples in order to avoid nonlinear response at elevated temperatures or low frequency 
regions [116]. Dynamic strain sweep tests were performed to determine the limits of linear 
viscoelasticity at fixed frequencies.  
In the case of uniaxial extensional rheological analysis of the samples, all of the required 
shear rheological tests were performed at the melting temperature of PLA (=150 
o
C). 
Dynamic strain sweep tests were executed at fixed frequencies to determine the strain 
limits of linear viscoelasticity of the samples prior to the investigation of the damping 
function of the extensional rheological results. Dynamic frequency sweep tests were 
accomplished to evaluate the storage and loss moduli ( )("),('  GG ) and the linear 
relaxation modulus G (t) of the sample. The damping function of the samples were found 
through Stress-Relaxation tests at the strain range of γ = 0.1-40.   
 
Fig. 3.8.1.1: ARES Rheometer [186].  
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3.8.2 RME 
 
In order to obtain reproducible and consistent extensional data, the utilization of the 
Meissner-type extensional rheometer (Rheometrics Extensional Rheometer (RME)) 
became crucial for this research (Fig. 3.8.2.1).  Meissner and Hostettler (1994) published a 
comprehensive and thorough description of theoretical, technical and experimental aspects 
of RME in addition to the likely challenges the researchers may encounter during 
extensional testing [102]. The uniaxial extensional viscosity of the samples were measured 
at constant strain rates of 0.1, 0.5, 1 s
-1
 and the testing temperature was kept constant at 
150±1 
o
C.  The homogenous temperature within RME is provided by electrical heating 
conduction and radiation. The polymer specimens are gripped between two clamps within 
the chamber. Each clamp is formed by two belt holders on each side of the specimens and 
those belts transfer the tensile force and velocity of the belts into the extensional strain rate 
of the specimens.  A displacement transducer connected to the right clamp measures the 
tensile force excreted on each specimen. The air/inert gas flow through a porous table 
suspends the samples vertically and maintains the set temperature of the samples. The 
inner structural set up of RME is depicted in Fig. 3.8.2.2. RME is capable of providing the 
test temperature of maximum 350 °C at each run. The presence of the tongues on the metal 
belts contributes to the prevention of sagging of the specimens during the extensional 
analysis [3]. The spectrum of Hencky strain rate applied in this research was from 0.1-1 s
-1
 
with maximum Hencky strain of 7. In order to obtain reproducible and consistent 
extensional data, 24 specimens underwent extensional analysis at each applied Hencky 
strain rate.   
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Fig. 3.8.2.1: Rheometrics Extensional Rheometer (RME). 
 
Fig. 3.8.2.2: Schematic depiction of the internal structure of RME [140]. 
 
3.9 Error Analysis 
 
The inaccuracies involved with the experimental tasks of research studies could be 
initiated from different sources of error; i.e. human errors, systematic errors and random 
errors [2]. Human errors result from inaccurate use of equipment by the experimenter and 
systematic errors on the other hand, are caused by the intrinsic inaccuracies in the 
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experimental set-ups. Systematic errors could potentially be reduced with proper 
calibration of the instruments prior to the commencement of the experiments. Random 
errors however are inevitable due to the lack of complete accuracy during any type of 
experimental procedures and can be minimized by repeating and averaging the final 
outcomes of the experimental procedures.   
The possible sources of error during this research are discussed in detail, as follows: 
 
3.9.1 Degradation Effect 
 
Processing, i.e. extrusion and compression moulding, and characterizations, i.e. 
rheological and thermal, of the samples at elevated temperature could lead to their thermal 
degradation. PLA is produced by catalytic and thermolytic ring-opening polymerization of 
lactide to polylactide, therefore, the primary component of PLA is very likely to undergo 
thermal degradation during processing and efficient drying (<250 ppm) is required prior to 
the melt blending process [26]. Therefore, drying PLA to below 250 ppm is an 
indispensable stage prior to the processing and characterization of the samples. The 
detailed methods of drying, storage and transferring of samples between the various 
processing labs were explained in the processing section of this chapter (Section 3.2).  
 
3.9.2 Error analysis of MDSC 
 
The main source of error in MDSC arises from the miniscule size of the samples (4-7 mg), 
as well as the encapsulation of such small samples before the start of the thermal analysis 
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procedure. However, this source of error could be minimized through averaging the weight 
of the samples in addition to inspecting the reproducibility and repeatability of the data 
produced by the instrument. The second source of error in this characterization technique 
could rise from the thermal history of samples due to the variations in samples’ aging, 
processing and storage conditions. In order to utterly eliminate the thermal history of the 
samples, all specimens were subjected to the first heating and cooling cycles in advance of 
their exposure to the main (second) heating and cooling cycles. 
 
3.9.3 Error Analysis of Tensile Testing 
 
The occurrence of bubbles and voids within the samples may lead to the premature rupture 
of specimens at the voids. Therefore, even and dip (30% over the edges) distribution of 
pellets within the tensile moulds before compression moulding process is required to 
minimize the formation of bubbles within the specimens. Furthermore, the reproducibility 
of the mechanical testing results of this experiment was investigated through performing 
tensile testing on at least 8 specimens for each sample. Alternatively, the standard 
deviation and mean of the results were measured through Instron online computer software 
(Bluehill V 1.9)   and the subsequent standard error bars were depicted on the tensile 
testing charts.  
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3.9.4 Shear Rheological Error Analysis 
 
The major sources of error in rheological measurements may occur due to the thermal 
degradation of the samples at elevated temperature; poor calibration of the rheometer 
before the measurements; inaccurate zeroing of the gaps between the parallel plates, and 
inconsistencies with the software programming due to the human error. Moreover, the lack 
of precision in placing the samples between the parallel plates in less than 15 seconds (to 
avoid the significant temperature drop) could also contribute to the final error in shear 
rheological measurements.  
In order to minimize the mentioned errors, the following points were required to be 
considered: 
1. Neat PLA was dried properly before the processing stage and the final samples 
were stored in vacuum oven prior to the experimental analysis. Furthermore, 
Standard desiccators were utilized to carry the samples to the testing locations.    
2. The lab technical officers were asked to calibrate ARES instrument before the 
shear rheological analysis of the samples.  
3. The zeroing of the gap between parallel plates was carefully performed at least 
three times ahead of the start of the tests.  
4. Placing of the samples between parallel plates was carefully monitored and its 
duration was kept below 15 seconds. After placing the samples, the oven was 
locked for 5 minutes to create thermal steady state and equilibrium between the 
oven and the samples. The shape and the state of the specimens were inspected 
frequently from the slotted lenses on the oven wall.  
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5. To avoid programming discrepancies by the software, consistent testing programs 
were developed and employed for all samples in the ARES instrument’s 
Orchestrator software.  
Moreover, the occurrences of “noise” at low frequency region (terminal region) during the 
storage modulus measurements were another source of error throughout the dynamic 
frequency sweep (DFS) tests. To minimize the noises at terminal region, the 
reproducibility of DFS test results were examined via four runs of measurements for each 
sample. The application of time-temperature superposition between 170-200 °C also 
extended the terminal region as well as being indicative of the reproducibility of the DFS 
results. Subsequently, the relaxation modulus and spectrum of the samples were computed 
from the oscillatory shear data of the samples by utilizing the nonlinear regression method 
of determining relaxation components (λi, Gi, N) in TA-Orchestrator software. 
 
3.9.5 Extensional Rheology Error Analysis 
 
Aside from the degradation error mentioned earlier, there are other specific sources of 
error involved with RME rheometer.  The most significant source of error in RME is the 
force transducer, hence the force calibration procedure was performed carefully in advance 
of every extensional measurement of the specimens according to the guidelines of the  
RME instrument manual [178]. The next source of error could be resulted from the 
decrease of the PLA density at elevated temperature, i.e. > 150 °C. This phenomenon 
could bring about inconsistencies in the instantaneous cross sectional area ( A(t) ) of the 
samples at constant Hencky stain rates due to the dimensional expansions of the samples. 
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In order to account for this error, the following correlations were utilized to measure A(t) 
of the sample considering their affine expansion [187, 188]: 
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Where ρs, ρm,

 , W0 and H0 are solid density, melt density, initial width and initial 
thickness of the specimens respectively. This correction results into more accurate 
calculation of the tensile stress growth function of the stretched samples through the 
following correlation: 
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Where F(t) is the measured instantaneous extensional force applied to the sample during 
the extensional measurements.    
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Chapter 4: Influence of Nano-Graphite Platelet Concentration 
on Onset of Crystalline Degradation in Polylactide Composites 
 
This chapter of the thesis was published as an individual manuscript in “Polymer 
Degradation and Stability” journal [4]. The author investigated extruded nano-graphite 
platelet (NGP) loaded polylactide using thermal, mechanical, and microstructural analysis 
techniques. The influence of NGP loading on polymer crystallization, the Young’s 
modulus, tensile strength, and crystallography of the polymer composite were evaluated in 
this chapter. The optimal NGP loading concentration beyond which agglomeration effects 
degrade crystalline and structural properties of PLA-NGP composites was also established. 
 
4.1 Introduction 
 
Polymer-based composites began in the 1960s as a new concept for advanced materials. 
By dispersing strong and stiff fibres within polymer matrices, composite materials offering 
significant structural benefits with respect to weight loss reduction, durability, and 
mechanical performance were developed. The enhanced performance of polymer 
composites is a result of interfacial bond chemistry as well as the degree of nano-additive 
dispersion and the resultant morphology. 
Early in 1990s, an important discovery which promised to revolutionize the field of nano-
material science was made in the form of carbon-based nano-fillers. Addition of minute 
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quantities of carbon nano-tubes (CNTs) or carbon nano-fibres (CNFs) to polymer resins 
promised polymer nanocomposites with enhanced thermal, mechanical, and electrical 
performance. Significant advantages from nano-carbon dispersion were determined when 
dispersed in the polymer matrix. However, when dispersed in the polymer matrix through 
viable mixing techniques (e.g., melt blending and solvent casting), these carbon-based 
nano-fillers are likely to exhibit strong van der Waals’ interaction. This results in 
agglomeration, and therefore, inhomogeneous composites [55, 189, 190]. 
Recently, a new breed of cost-effective carbon-based nano-dimensional materials named 
as nano-graphite platelets (NGP) have emerged. They promise to eliminate the problems 
associated with nano-clays, CNTs, or CNFs while offering potentially enhanced 
performance as well as being a low cost alternative [71, 73, 191]. The potential 
applications of graphene-polymer composites include single molecule gas detection, 
transparent conducting electrodes, and energy storage devices such as supercapacitors and 
lithium ion batteries [62]. Moreover, the highest thermal conductivity reported in literature 
so far belongs to nano-graphene materials (six times higher than copper). In terms of 
electrical and mechanical properties they are similar to copper and fifty times stronger than 
steel while having one fourth density of copper [71, 73, 192]. This work explores the 
influence of such nano-graphitic fillers in composites, and the degree of property 
enhancement and degradation as a function of loading. 
Polylactide (PLA) is a thermoplastic biodegradable polyester. This polymer is currently 
receiving considerable attention for conventional uses, due to its valuable qualities such as 
biodegradability, production from renewable resources and its numerous functions 
including packaging materials, production of fibres and composites for technical 
applications [17, 18]. 
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PLA is a rigid thermoplastic biodegradable polymer that can be semi-crystalline, 
crystalline, or totally amorphous, depending on the stereo purity of the polymer backbone. 
Nevertheless, the application of PLA in engineering devices such as solar panels and in 
mechanical and automotive parts requires enhancements in its properties via combining 
this polyester matrix with different dispersed phases such as nano-fillers, plasticisers, 
impact modifiers, and flame-retardants [24, 25]. 
 
4.2 Materials and Methods 
 
For this study, PLA composites with NGP fillers were prepared via melt intercalation 
mixing process. The NGP loading (or doping) concentration was determined based on the 
weight percentage of the starting mixture. NGPs and PLA pellets were dry mixed in 
different compositions (0–10 wt% NGP) prior to melt intercalation process. This was 
followed by melt blending in a Brabender Twin Screw extruder at 180 °C and 40 rpm 
mixing condition. Finally, the melt blended pellets underwent compression moulding 
process, at 180 °C and 80 kN pressure for 5 min, to form dog bone-shaped ASTM D638 
specimens. 
Thermal characterisation of the nanocomposites was performed by modulated differential 
scanning calorimetry (MDSC) utilising a TA Instrument Model 2920 under nitrogen flow. 
The heating scan was carried out at 2 °C min
−1
 modulated at ±0.5 °C in 40 s. The 
mechanical properties of the pure PLA and NGP-loaded PLA composites were determined 
through tensile testing characterization technique (Instron 4467) at speed rate of 1 mm 
min−1 with a distance of 115 mm between the grips and under ambient conditions. 
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X-ray diffraction (XRD) was carried out using a Rigaku wide angle X-ray instrument at 
wavelength of 0.154 nm in 2θ range of 10–80° was utilised. Micro-Raman characterization 
(Renishaw InVia spectrometer) was performed with 633 nm wavelength at a laser power 
of 1.7 mW and with 3 accumulations for 20 s exposures [181]. 
 
4.3 Results and Discussions 
 
The MDSC analysis was used to determine the glass transition temperature, crystallization 
characteristics, and melting properties of the NGP-loaded PLA nanocomposites. The 
results showed no significant change in the glass transition temperature (Tg) for the 
nanocomposites, which was consistently 59–60 °C. Likewise the melting temperature 
(Tm) also did not appear to be influenced by the NGP loading, with values of 149–151 °C 
for all samples. However, the crystallisation properties of the nanocomposites were 
significantly influenced by the NGP concentration. The changes in crystallization 
temperature (Tc) and percentage crystallinity as a function of NGP concentration are 
presented in Fig. 4.1. The maximum percentage of crystallinity is at 1 wt% of NGP in 
PLA, before significant reduction. The crystallization temperature also shows a maximum 
at 1–3 wt% NGP in PLA before reducing. An increase in Tc at 10 wt% of NGP occurs, 
which could possibly be due to the increased presence of agglomerated NGP potentially 
contributing carbon’s thermal properties to the measurement. 
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Fig. 4.1: Thermal properties of pure and NGP-loaded PLA samples as determined by 
modulated differential scanning calorimetry. 
The measured Young’s modulus, tensile strength, and elongation at break of the NGP-
loaded PLA composite materials are presented in Fig. 4.2. The Young’s modulus 
(continuous blue line) shows a sharp over two-fold increase for 3 wt% NGP loading, 
before a gradual roll-off with increasing loading. The increased modulus as a result of 
NGP loading is a desired characteristic, as the PLA-based composite incorporates the 
mechanical properties of NGPs. The tensile strength (dashed green line) shows an almost 
linear decrease, except for an increase for the 1 wt% NGP loading. The elongation at break 
data (dotted orange line) also typically decreases with increased NGP loading, displaying a 
trend very similar to the tensile strength’s dependence on NGP concentration. 
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Fig. 4.2: Mechanical properties of pure and NGP-loaded PLA samples under ambient 
conditions. Maximum Young’s modulus and tensile strength are measured at 3 wt% and 
1 wt% NGP loading, respectively. The elongation at break data displays a trend identical 
to the tensile strength. 
To understand the role of NGP loading on the thermal and mechanical properties, a 
microstructural investigation of the pure and NGP-loaded PLA composites was 
undertaken. 
X-ray diffraction (XRD) analysis was carried out to determine the crystallographic 
properties of the composites. The diffractograms (shown with offsets in Fig. 4.3) were 
recorded for the samples at ambient condition and show a scattered intensity distribution 
with a broad maximum around 2θ of ∼16.5° suggesting a semi-crystalline structure of 
PLA. The diffractograms also have a peak at 2θ of ∼26° corresponding to the (002) 
graphitic carbon structure. The peak position for the (002) carbon occurs at the same 
position in all composites, suggesting that the melt blending process did not separate the 
graphite layers, with the majority of them still present in aggregate structure. An increasing 
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intensity for this graphitic peak is also apparent. However, the peak corresponding to the 
semi-crystalline PLA at ∼16.5° varies in intensity with the increased NGP loading. 
 
 
Fig. 4.3: X-ray diffraction results for pure and NGP-loaded PLA samples. 
The normalised intensity for the ∼16.5° PLA peak (continuous brown line) is compared in 
Fig. 4.4 with the trend observed for the tensile strength measured (dashed green line). With 
very low 1 wt% NGP loading, the semi-crystalline PLA intensity is enhanced two-fold 
(relative intensity of 2.17), before decreasing to a value of 1.77 for both 3 wt% and 5 wt% 
NGP loading followed by a further sharper decrease in crystalline contribution. This result 
is in agreement with the percentage crystallinity measurements by MDSC presented in Fig. 
4.1. 
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Fig. 4.4: Normalised X-ray intensity of the 16.5° PLA 2θ peak (continuous line) compared 
with the measured tensile strength for pure and NGP-loaded PLA. 
Further investigation of the microstructural characteristics of the composites was carried 
out using micro-Raman spectroscopy. Micro-Raman characterization (Renishaw InVia 
spectrometer) was performed with 633 nm wavelength at a laser power of 1.7 mW and 
with 3 accumulations for 20 s exposures [181]. The Raman spectra obtained for PLA with 
various NGP loading concentrations are shown in Fig. 4.5(a). The spectrum for pure PLA 
shows expected peaks at 393, 872, 1041, 1097, 1126, 1295, 1386, 1451, and 1769 cm−1. 
The peaks at 872 and 1444 cm−1 are the most intense and correspond to the stretch of the 
carbon-carbonyl bond and bending of the methyl structure, respectively [193, 194]. 
P a g e  | 75 
 
 
 
Fig. 4.5: Micro-Raman spectroscopy results for pure and NGP-doped PLA samples are 
shown in (a). The relative intensity of significant PLA and NGP peaks are compared in (b). 
The spectra for NGP-doped PLA show peaks at ∼1580 cm−1 which corresponds to the G 
peak in crystalline graphite [17]. As the doping levels increase, the peak at 1580 cm−1 
increases in intensity, while the intensity of the PLA peak at 872 cm−1 rapidly decreases 
as expected. A broad band at ∼1335 cm−1 emerges at higher doping concentrations of 
NGP, and this corresponds to the D peak related to defected graphite [195]. 
The intensity ratios of the three peaks of interest are shown as a function of NGP loading 
in Fig. 4.5(b). The intensity ratio of 1580–872 cm−1 peaks and the 1335–872 cm−1 peaks 
rises linearly until about 5 wt% NGP loading, and then plateaus with increasing 
concentration. This levelling off indicates that further doping does not significantly impact 
the chemical structure of the PLA, and can be attributed to NGP agglomeration at higher 
concentrations [55, 189, 190]. The intensity ratio of the 1580 and 1335 cm−1 peaks is 
indicative of the level and quality of dispersion of nano-fillers in the polymer matrix. A 
higher intensity ratio is preferred as this shows the dominance of the crystalline layered 
NGP over agglomerates (related to the peak at 1335 cm−1). The ratio of crystalline to 
defected carbon is highest at 5 wt% loading of NGP in PLA. 
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In relating the microstructural characterisation to the thermal and mechanical properties 
measured (Fig. 4.1 and Fig. 4.2), the results indicate that a low 1 wt% NGP loading 
enhances properties in general. NGP loading of 3–5 wt% contributes to enhancement in 
Young’s modulus in the PLA-based composites. XRD and micro-Raman spectroscopy 
indicate that PLA retains a semi-crystalline structure at the 3–5 wt% loading concentration, 
with the NGP also existing in a layered graphitic state. Higher levels of NGP loading 
appear to degrade the PLA composites resulting in loss of crystallinity, apparently driven 
by the increase in defective carbon possibly from the inclusion of agglomerates and 
tactoids in the polymer matrix. 
4.4 Conclusions 
 
In summary, an investigation of NGP-loaded polylactide polymer composites was 
presented. The inclusion of nano-graphite platelets was favoured for increased thermal, 
mechanical, and electrical properties of polymers such as the biodegradable polylactide. 
This research determined that a 1–5 wt% loading concentration of NGP can lead to 
increased crystallinity in the polymer matrix and provide improved mechanical 
characteristics. Further loading tended to degrade crystalline properties of the polymer 
matrix, with the inclusion of defective carbon agglomerates and tactoids. 
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Chapter 5: Morphological, Mechanical, and Thermal 
Characterization of Biopolymer Composites Based on 
Polylactide (PLA) and Nanographite Platelets  
 
The findings of this chapter of the thesis was published as an individual manuscript in 
“Polymer Composites” journal [196]. This chapter focuses on the development and 
optimization of polylactide (PLA) and nanographite platelets (NGP) based composites to 
display their prospective superior mechanical and improved thermal stability. Melt 
blending and dry mixing methods of fabrication were employed at 180 °C. Different 
Loading fractions of NGP were incorporated into polymer matrix. Morphological 
evaluation techniques such as XRD and TEM were applied to determine the degree of 
dispersion of NGPs into PLA matrix. Mechanical properties were evaluated and correlated 
to structural morphologies of PLA/NGP composites. Thermal properties of composites 
were studied to examine possible changes in thermal characteristics of these composites. 
The effect of mixing was also explored through double extrusion of some samples. It was 
concluded that composites containing 3 wt% NGP showed optimum mechanical 
performance without any significant changes in their thermal characteristics. 
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5.1 Experimental  
 
5.1.1 Materials  
 
Poly(L,L-lactide)- (PLA) was supplied by NatureWorks LLC. The grade used was 3051D 
[176]. Nanographite platelets (NGPs) were supplied by XG Sciences, Inc US Michigan. 
The grade of NGP used for this study was “M” with characteristics: average thickness of 
approximately 6 - 8 nanometers and a typical surface area of 120 to 150 m
2
 g
-1
. Grade M is 
available with average particle diameters of 5, 15 or 25 microns [177].  
 
5.1.2 Drying  
 
Drying to less than 250 ppm is necessary earlier before processing[176]. PLA pellets used 
in this study were dried in a fan dryer at a temperature of 50 
o
C for 7 days before melt 
blending through extruder.  
 
5.1.3 Physical Dry Mixing 
 
PLA pellets and nanographite platelets (NGP) were dry blended in the desired composition 
prior to melt blending in 700 gram batches. Table 5.1 shows the compositions and the 
codes of neat PLA and PLA/NGP samples. Hereafter, samples are referred according to 
their sample codes.  
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Table 5.1. Compositions of PLA/NGP composites and their corresponding sample codes. 
 Sample Code 
Sample Compositions  neat PLA PLA01 PLA03 PLA05 PLA07 PLA10 2X (neat PLA) 2X (PLA03) 
PLA content (wt%) 100 99 97 95 93 90 100 97 
NGP content (wt%) 0 1 3 5 7 10 0 3 
Times extruded (no.) 1 1 1 1 1 1 2 2 
 
5.2 Results and Discussion 
 
5.2.1 Morphological Properties 
 
The possible development of crystalline structure and the structure of nanofillers were 
studied using XRD and TEM. The diffractograms recorded for the samples at ambient 
condition are illustrated in Fig. 5.1.  The diffractograms demonstrate an intense peak at 2θ 
value of ~ 26.4
o
 assigned to single nanographite platelet layers at a distance of 0.341 nm, 
which has been detected at very similar 2θ for graphite sheets in a number of earlier 
studies [77, 197, 198].  This observation verifies the occurrence of the same d-spacing of 
graphite layers in all composites, as well as suggesting that the melt-blending process did 
not separate the graphite layers, with the majority of them still present in aggregate 
structure. This may be due to the strong bond between graphite sheets that kept them 
interlinked with one another and made exfoliation of NGP layers relatively difficult [58].  
NGP fragility is a major limitation during the delamination of graphite sheets through melt 
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blending with PLA, which could result in the breakdown of graphite sheets. Consequently, 
adequate delamination may not be possible in melt blending process and yet improved 
mixing conditions  seem to be ineffective in this regards and dense stacking of graphite 
layers is unavoidable [197]. According to Yasmin et al. (2006) [199], such peaks 
(2θ~26.4o) can be attributed to fewer remaining aggregates and reduced layers of graphite 
sheets. The diffractograms also show scattered intensity distribution with a broad 
maximum around 2θ~16.5o in composites, suggesting a semi crystalline structure of PLA. 
However, the intensity of the peaks differed in neat PLA and different composites. The 
peak was more accentuated in PLA01 sample, reasons for which could be attributed to the 
swelling of the graphite structure during  extrusion and compression moulding of 
composites. A recent study by Pluta [200] found that at temperatures higher than cold 
crystallization temperature (Tc), XRD diffractograms show crystalline peaks located at the 
same angle (2θ~16.5o). However, he ascribed these peaks to the α crystalline form of PLA 
classified as pseudo-orthorhombic modifications that can be formed even during the rapid 
cooling in the final step of the compression moulding process.   
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Fig. 5.1: Comparative XRD diffractograms of composites after compression moulding: 0-
10 wt% NGP content (a), double extruded composites (b). 
 
Results also showed that diffractograms of double extruded samples (2X (neat PLA) and 
2X (PLA03)) did not exhibit noticeable difference with their single extruded counterpart 
(Fig. 5.1b) indicating similar degree of dispersion. It should be taken into account that the 
difference in the height (intensity) of sharp peaks (2θ ~ 26.4o) is only due to the scaling the 
picks in order to plot them on top of each other. 
 Fig. 5.2 shows TEM images of composites at 0.2µm magnification. Compared to particle 
size of 25 µm (provided in material data sheet), the nanofillers dispersion can be 
considered sufficient. Presence of mixed morphology (combination of intercalated and 
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dispersed single layers of individual graphite sheets) is evident in the micrographs (Fig. 5.2 
a, f) and the lengths of these nanolayers can reach to hundreds of nanometers.  
Nevertheless, the observation of a single exfoliated nanofiller platelet in TEM image does 
not indicate comprehensive delamination of NGP in PLA matrix. In addition, the tactoid 
presence is noticeable in PLA03 to PLA10 composites, which suggests that the sharp 
peaks at (2θ~26.4o) in Fig. 5.1 can be the consequence of the formation of tactoids and 
agglomerates of NGP layers in samples. Moreover, all TEM micrographs illustrate some 
perpendicular orientation of platelets (~20-50 nm thickness) to images’ surface area (2.1 
µm X 2.1 µm). The TEM images do not show noticeable alteration in average thickness of 
graphite platelets in comparison to the previously reported untreated sheets estimated from 
AFM analysis (37 nm) and BET (Brunauer, Emmett and Teller) surface area  assuming 
disk-like morphology (30 nm)  [83, 201]. Likewise, the occurrence of small sharp peaks at 
2θ~54o (d004 orientation) for PLA01 to PLA10 samples (Fig. 5.1a) may be ascribable to the 
partial break up of graphite sheets during the melt blending process. According to 
Schniepp et al. [202] exfoliated functionalized graphite sheets layers exhibit an average 
thickness of ~1.8 nm. However, the TEM images of the current study found the  thickness 
of graphite layers to only be as low as ~8 nm (Fig. 5.2 a, d, e, h), which is compatible with 
the thickness of a few stacked sheets.  
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Fig. 5.2: TEM micrographs of PLA/NGP composites at 0.2 µm magnification microtomed 
from compression moulded specimens: 1% NGP (a, b), 3%(c, d), 5%(e, f), 7%(g, h), 
10%(i, j). 
TEM images of single extruded and double extruded composites with 3 wt% NGP content 
shown in Fig. 5.3 display the effect of mixing. The decrease in thickness of graphite layers 
and their tactoid size (compare Fig. 5.3c, d with Fig. 5.3a, b) suggests that an improved 
dispersion of nanofiller in polymer matrix occurred through the double extrusion process. 
However, the desirability of this improvement is subjected to mechanical and thermal 
property alterations and is to be discussed in forthcoming sections of this study. Rumples 
were also observed in some micrographs (Fig. 5.2 c, e), which could possibly be due to the 
transformation of planar graphite carbons (sp
2
 hybridization) to out of plane carbons (sp
3
 
hybridization)  through oxygen surface functionalities as a result of oxidation and 
pyrolysis process, instigating the structural distortion, weakening of the planar geometry  
and subsequently the bending of the sheets [83, 201]. Such conversions were observed by 
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Kudin et al. (2008) and Kim and Macosko as higher graphite lattice (G band) to graphite 
edges (D band) intensity ratio of functionalized graphite sheets (FGS) in Raman 
spectroscopy and X-ray photoelectron spectroscopy (XPS) [201, 203]. The stacking of 
these rumpled sheets as well as inadequate thermal exfoliation and oxide intercalation 
could be the major reasons behind the unexpected presence of tactoids in composites with 
filler contents as low as 3 wt% (PLA03). Despite the NGP thickness of 6-8 nm (provided 
by the material data sheet), the morphological analysis of this study indicates that utter 
exfoliation is not achievable under melt blending and dry mixing. Thus, dominant tactoid 
formation in coexistence with minor intercalation and negligible platelet individualization 
could be the only conceivable outcome of the morphological investigation of this study. 
Unlike nanofillers such as Organically Modified Layered Silicate (OMLS), melt blending and 
dry mixing processes may not be capable of efficient dispersion and individualization of 
graphite layers. Thus, through the mixing process, PLA/NGP samples may only be 
identified as microcomposites and not nanocomposites. 
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Fig. 5.3: TEM micrographs of PLA/NGP composites at 0.2 µm magnification microtomed 
from compression moulded specimens: 3% NGP (a, b), 2X (3%NGP) (c, d). 
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5.2.2 Mechanical Properties  
 
Certain properties of samples such as tensile and flexural strength, Young’s modulus and 
dimensional stabilities are expected to be improved as a result of incorporation of 
nanofillers into polymer matrix. Figs. 5.4-5.6 demonstrate the mechanical properties of 
composites compared to neat PLA, wherein the amount of nanofiller (NGP) increased up 
to 10 wt%. Double extruded samples of neat PLA and PLA03 are shown as 2X (neat PLA) 
and 2X (PLA03). The Sample at the optimum filler level (PLA03) was extruded twice to 
test the effect of longer residence time on mixing and mechanical properties. As shown in 
Table 5.2, the incorporation of NGP into PLA significantly increased the Young’s 
modulus. PLA03 sample had the highest modulus, 135% higher than the base polymer 
(Fig. 5.4). The utmost value of NGP content (3 wt% here) at which Young’s modulus 
reaches its maximum is regarded as critical loading or mechanical percolation threshold. 
Besides, the optimum around 3 wt% nanofiller is consistent with the percolation threshold 
reported for platey nanocomposites [204].  A gradual decrease in modulus was observed 
for filler contents of 5-10 wt%. According to the TEM micrographs (Fig. 5.2), this decline 
in modulus might be attributed to the tendency of NGP particles to aggregate at higher 
loadings. However, the actual mechanism of this effect is under rheological investigation 
and it will be reported soon. Table 5.2 also displays the standard deviation of the samples. 
Another indication of the occurrence of mechanical percolation threshold at around 3 wt% 
NGP is indicated by the large increase in standard deviation (and consequently standard 
error) of PLA03 compared to the rest of the samples (as shown in Fig. 5.4 and Table 5.2). 
Indeed, mechanical properties can potentially be further enhanced if the mixing process 
were improved. Young’s modulus of the twice extruded neat PLA (2X (neat PLA)), was 
similar to its once extruded counterpart. This pattern of findings indicates that the neat 
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PLA was thermally stable even though the residence time was doubled. However, the 
Young’s modulus of 2X(PLA03) was significantly lower than the once extruded sample, 
which could be due to the thermal degradation of double extruded composites due to the 
presence of NGP in polymer matrix. The addition of platey fillers will increase the 
viscosity and subsequently, the effect of longer residence time may be different for 
PLA/NGP composites from neat PLA. However, the standard deviation of 2X (PLA03) 
was drastically reduced, which is an indication of the expected improved mixing. This was 
confirmed by TEM micrographs showing smaller tactoids in 2X (PLA03) compared to 
PLA03 (Fig. 5.3).   
 
 
Fig. 5.4: Young’s modulus of samples measured through tensile testing. 
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Fig. 5.5. Tensile strength of samples measured through tensile testing. 
 
 
Fig. 5.6: Elongation of samples measured through tensile testing.  
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Table 5.2.  Young’s modulus, standard deviation (STD) and STD/mean% of composites. 
 
Sample Code 
Young's Modulus 
(MPa)  
Standard 
Deviation, (MPa)  (STD/Mean)%        
neat PLA 2300 200 8 
PLA01 2600 370 14 
PLA03 5400 1570 29 
PLA05 4400 1010 23 
PLA07 3000 700 23 
PLA10 2600 370 14 
2X (neat PLA) 2500 260 10 
2X (PLA03) 2600 400 15 
 
According to Fig. 5.5, as a result of increasing NGP contents in neat PLA, tensile strength 
gradually decreased in composites. This may be attributed to weak regions in matrix-filler 
system where loops in several chains are in close proximity, but do not entangle with one 
another [205].  These aggregates of chain ends also cause microcracks at the interface and 
lower the available matrix-filler interaction [206]. Furthermore, higher concentrations (>3 
wt%) of NGP might have resulted in larger amount of NGP to be present between the 
interface. In contrast, the double extruded samples do not show any remarkable differences 
with their single extruded counterparts in this regard.  
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As Fig. 5.6 illustrates, the addition of NGP caused a decrease in elongation at break for 
composites. Thellen et al. [207] reported that the addition of filler to a plastic usually 
would decrease the elongation considerably and this behaviour could be attributed to the 
aggregation of non-intercalated fillers in the composites that increases the embritterment. 
Hence, possibly due to large interaction formed between polymer and NGP at low 
concentration, mobility of the chains was restricted; whilst because of the aggregation of 
NGP particles at higher concentration in composites, percentage elongation was not 
improved; as expected. Therefore, percentage elongation at break decreased as NGP 
content was increased.    
 
Overall, the findings of the current study indicated that composites’ elasticity (Young’s 
modulus) and tensile strength (only at low concentration) were improved to the detriment 
of percentage elongation at break (in comparison to neat PLA up to PLA03). Moreover, 
the double extrusion of 0 and 3 wt% NGP content samples were found not to considerably 
vary the elongation at break and tensile strength of composites (refer to Fig. 5.5 and 5.6). 
 
5.2.3 Thermal Properties 
 
During heat scanning of the samples via MDSC technique, the following characteristics of 
the samples were determined: glass transition temperature (Tg), melt temperature (Tm), 
cold crystallization temperature (Tc), endothermic enthalpy of melting (∆Hm), and 
exothermic enthalpy of crystallization (∆Hc).  The MDSC results of second heating cycle 
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are shown in Table 5.3. The implication of this cycle was to eliminate the sample’s 
preceding thermal history during the first heating cycle. The following equation was 
applied to calculate the percentage crystallinity [208]:  
                          
 
                                       (5.1) 
 
Where ∆Hm is the enthalpy of fusion and 
 mH  is the heat of melting of 100% crystalline 
polymer and Xc is the percentage crystallinity. The theoretical melting enthalpy of 100% 
crystalline PLA was taken to be  mH = 93 J g
-1
  [29]. No significant change in Tg of the 
samples was found, as it remained fairly constant (entries 1-8) at about 60 
o
C. Melting 
temperature of single extruded composites showed small difference with neat PLA (when 
Tm of neat PLA=150 
o
C) (entries 1-6). However, according to Cser et al. (2002) [209], Tm 
can be measured to +/- 0.5
 o
C. Therefore, the minor decrease in Tm and percentage 
crystallinity questions the role of graphite sheets as nucleating agent. Drazel group 
(supplier of xGnP for this study) reported similar findings on their PP/NGP 
nanocomposites [72]. They considered such reductions insignificant and argued that the 
initiation of crystallization at higher temperature (Tc) at higher NGP content, confirmed 
the nucleating effect of NGP.  Such increases (in Tc)  were observed in the current study 
only for 1, 3, and 7 wt% filler content (Entries 2, 3 and 5). However, the validity of that 
claim is yet to be investigated.  
 



m
m
c
H
H
XityCrystallin 100%
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Table 5.3. MDSC data of neat PLA and PLA/NGP composites (second heating cycle with 
a ramp of 2 
0
C min
-1
). 
 
 
The occurrence of two exothermic peaks at Tm reflected the melting of crystalline regions 
of various sizes and perfections, which could indicate the existence of copolymer of L and 
D isomers in the PLA supply. NGP also had a noteworthy effect on the behaviour of 
melting peaks. It resulted in melting peaks becoming narrower and more stretched in 
Entry Sample Code Tg(
o
C) Tc(
o
C) ∆Hc (Jg
-1
) Tm(
o
C) ∆Hm(Jg
-1
) Crystallinity,% 
1 neat PLA 59 116 29 150 30 32.8 
2 PLA01 60 118 30 146 26 28.3 
3 PLA03 59 117 31 151 25 27.4 
4 PLA05 60 112 29 149 27 28.6 
5 PLA07 60 111 25 149 24 25.4 
6 PLA10 60 119 28 151 24 25.9 
7 2X (neat PLA) 60 105 23 155 25 26.8 
8 2X (PLA03) 60 108 27 155 25 27.4 
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composites compared to neat PLA (Fig. 5.7a), which suggests that the crystals are thinner 
and more homogenous in composites than in neat PLA samples[72].  
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Fig. 5.7: Comparative MDSC thermograms of composites: (a) single extruded samples 
during second heating cycle (b) double extruded vs. their single extruded counterparts 
during second heating cycle (c) single extruded samples during first heating cycle. 
PLA05 sample showed the highest enthalpy of fusion and percentage crystallinity among 
other composites (PLA01, PLA03, PLA07, and PLA10). Findings also showed that the 
percentage crystallinity decreased at PLA01 and PLA03 composites, consistent with the 
findings of Gopakumar et al. (2002) [210], reporting a decline in percentage crystallinity 
upon the exfoliation of clay platelets. They accredited this decrease in percentage 
crystallinity to higher interfacial area and adhesion between the polymer and the clay, 
which acted to reduce the mobility of crystallisable chain segments and consequently the 
time of agglomeration of fillers. However, according to XRD and TEM results of the 
current study, major exfoliation was not achieved and tactoid formation combined along 
with intercalation and limited exfoliation at graphite contents over 3 wt% could be the only 
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valid argument for the extent of dispersion of nanofillers. Conversely, percentage of 
crystallinity and enthalpy of fusion of PLA07 and PLA10 samples showed no 
enhancement compared to neat PLA, and were the lowest values among other composites. 
One explanation of the pattern of findings is that the mechanical percolation threshold 
region is somewhere between 3 to 5 wt% filler content.  The uppermost heat of fusion of 
composites was also observed for PLA05 and further addition of nanofiller initiated 
distinct falls in percentage crystallinity of PLA07 and PLA10 samples.   
 
Double extruded neat PLA showed 6% decrease in percentage crystallinity compared to 
single extruded neat PLA sample, and only 5.4% reduction in percentage crystallinity was 
detected for 2X (PLA03) NGP composite. Cold crystallization temperatures (Tc) of double 
extruded composites significantly decreased (~ 10 
o
C) compared to their single extruded 
counterparts, though, minor (~1 
o
C) and noteworthy (~5 
o
C) increases occurred at glass 
transition and melting temperatures of double extruded  samples respectively (Table 5.3, 
Fig. 5.7b).  
An additional measure of nucleating agent effectiveness is the crystallization half-time 
(t1/2) in the isothermal crystallization experiment. Crystallisable polymer matrix such as 
PLA, PP, PHB and polyamides have previously been shown to be nucleated by graphite 
under isothermal conditions [29]. Forthcoming studies will explore the nucleating effects 
of NGP on PLA through crystallization half-time (t1/2) at peak of hot crystallization 
temperature of 110 
o
C. Table 5.4 and Fig. 5.7c show MDSC data and their corresponding 
micrograms of samples during the first heating cycle when the thermal history was still 
present. The absence of pre-melting endotherm in the first heating cycle (Fig. 5.7c) before 
cold crystallization exothermic peak signifies that thermal destruction of weakly ordered 
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regions did not occur throughout the aging process of the samples (i.e. during the 3 week 
storage period prior to testing) [200]. Fig. 5.7c also demonstrates the existence of an 
endotherm following the glass transitions step change (illustrated as an extension to the Tg 
of the second heating cycles) at lower temperature range (50-60 
o
C). This endotherm is 
generally attributed to enthalpic relaxation, which has been described in the literature using 
such terms as: middle endothermic peak, volume relaxation and stress relaxation. The 
magnitude of this endotherm is dependent on the thermal history of samples and rises with 
time of aging upon enhanced temperature and even to the level below the Tg of PLA [200, 
211, 212].  
Table 5.4. MDSC data of neat PLA and PLA/NGP composites (first heating cycle with a 
ramp of 2 
0
C/min). 
Entry Sample Tg(
o
C) Tc(
o
C) ∆Hc(Jg
-1
) Tm(
o
C) ∆Hm(Jg
-1
) Crystallinity,% 
1 neat PLA 63 107 26 155 26 27.7 
2 PLA01 60 106 24 155 23 24.4 
3 PLA03 62 108 27 155 24 26.1 
4 PLA05 63 106 24 155 24 25.6 
5 PLA07 61 103 20 155 22 23.3 
6 PLA10 61 106 22 155 23 24.7 
7 2X (neat PLA) 60 102 21 155 22 24.1 
8 2X (PLA03) 63 103 22 155 22 24.0 
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Fig. 5.8 (a, b) illustrates the cooling thermograms of composites after the first heating 
cycle. It indicates that all samples reveal a weak crystallization effect during the cooling 
cycle (at approximately 111 
o
C), which cannot be due to the slow cooling ramp of 2 
o
C 
min
-1
 that somewhat enhances the melt quenching effect. Table 5.5 shows the cooling 
cycle data of single and double extruded composites gathered from MDSC thermograms. 
A similar trend in %crystallinity was observed in the first cooling cycle, compared to both 
heating cycles. The crystallinity amount during heating and cooling cycle indicate that 
most of the crystallization occurred during heating cycle; however, self- nucleation might 
have happened during cooling cycle only. Therefore, most of crystallization growth 
occurred during heating cycle between Tg and Tc as expected.    
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Fig. 5.8: Comparative MDSC thermograms of composites: (a) single extruded samples 
during first cooling cycle (b) double extruded vs. their single extruded counterparts during 
first cooling cycle. 
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Table 5.5. MDSC data of neat PLA and PLA/NGP composites (first cooling cycle with a 
ramp of 2 
0
C/min). 
Entry Sample Tc(
o
C) ∆Hc(Jg
-1
) Crystallinity,% 
1 neat PLA 111 0.75 0.8 
2 PLA01 112 0.55 0.6 
3 PLA03 111 0.30 0.3 
4 PLA05 112 0.43 0.5 
5 PLA07 110 0.36 0.4 
6 PLA10 111 0.36 0.4 
7 2X (neat PLA) 111 0.43 0.5 
8 2X (PLA03) 111 0.36 0.4 
 
Overall, thermal analysis results suggest that NGPs are not only poor nucleators but they 
also decrease nucleation and subsequently crystallization to some extent. This cannot be 
due to lower degree of dispersion, lack of exfoliation, or insufficient intercalation since if 
it was, it would have affected the crystallization during heating and cooling cycles in the 
same manner. They may bond to polymer molecules and hold them tightly without any 
initiation of nucleation, thus, polymer molecules cannot move to crystallize in a similar 
behaviour as when the sample temperature drops below glass transition temperature. A 
better understanding of nucleating behaviour of NGPs can be achieved through isothermal 
crystallization analysis of samples at a temperature above their cold crystallization 
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temperature which can explain the rate via half-time of crystallization and the dimensions 
of growth of crystals through the Avrami equation.    
 
5.3 Conclusion 
 
Nanographite platelets (NGP ) were melt blended into PLA matrix at different filler 
contents. Morphological analysis of the composites did not exhibit exfoliation or even high 
level of intercalation of nanofillers into polymeric matrix. However, partial exfoliation and 
limited break down of platelets were detected. Mechanical testing showed significant 
improvement of Young’s modulus at 3 wt% filler content (PLA03).  Double extruded 
samples showed improved level of mixing of nanofillers into polymer, which was 
demonstrated by a reduction in tactoid size of TEM images and a drop in the standard 
deviation of their Young’s modulus. The significant decrease in the modulus of 2X 
(PLA03) indicated that the thermal degradation of the composites due to longer residence 
time was likely to occur in the presence of NGP. Furthermore, thermal properties of the 
composites did not show improvements compared to neat PLA. The percentage 
crystallinity slightly decreased as a result of NGP incorporation into neat PLA. The highest 
crystallinity and enthalpy of fusion among composites were observed when the content of 
NGP was at 5 wt% (PLA05). Moreover, NGP did not demonstrate nucleating agent role on 
the polymer matrix and on the other hand it decreased the crystallization slightly. Finally, 
it is evident that efficient dispersion of graphite layers may not be achievable through melt 
compounding only.   
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Chapter 6: Melt Rheological Investigation of Polylactide-
Nanographite Platelets Biopolymer Composites 
 
This chapter was published in “Polymer Engineering & Science” journal as an individual 
manuscript [213]. This study is an analytical investigation of processability of biopolymer-
carbon based nanofiller composites, primarily through rheological investigation of 
samples. The composites were fabricated via dry mixing and melt-blending of 
biodegradable polylactide (PLA) and nanographite platelets (NGP) in a Brabender twin 
screw extruder. A range of different nanofiller contents (1, 3, 5, 7, and 10 wt%) were 
studied for NGP containing composites. The morphology was studied with X-ray 
diffraction and transmission electron microscopy techniques and showed poor dispersion, 
with agglomerates, tactoids, and exfoliated layers present. Mechanical properties showed 
an optimum at 3 wt% filler. Results showed that the composites exhibited higher elastic 
and viscous moduli than neat PLA. The rheological percolation threshold predicted by 
changes in slope (α) as well as liquid–solid transition theory of samples was found to be 
around 3 wt% through the change from liquid-like behaviour to pseudo-solid-like 
behaviour at terminal region during dynamic oscillatory shear measurements. NGP 
nanofillers were found to enhance the viscoelastic and mechanical properties of PLA at 
low concentrations; however, an efficient dispersion of nanofillers within polymer by melt 
intercalation method of mixing was not achieved. 
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6.1 Experimental  
 
6.1.1 Materials  
 
Poly (L,L-lactide)- (PLA) was supplied by NatureWorks LLC and the grade of PLA used 
was 3051D with melt index and specific gravity of 10-30g/10min and 1.24, respectively. 
Nanographite platelets (NGPs) were supplied by XG Sciences, Inc US Michigan and the 
grade of NGP used for this study was “M” with characteristics: average thickness of 
approximately 6 - 8 nanometers and a typical surface area of 120 to 150 m
2
/g. According 
to the material data sheet, Grade M (xGnp-M) is available with average particle diameters 
of 5, 15 or 25 microns.   
 
6.1.2 Processing  
 
Drying of PLA to less than 250 ppm is a necessary first step prior to the processing phase. 
Thus, PLA pellets used in this study were first dried in a fan dryer at a temperature of 50 
o
C for 7 days earlier than the melt blending process.  
PLA pellets and nanographite platelets (NGP) were dry mixed in the desired composition 
before melt blending in 700 g batches. Table 6.1 shows the compositions (nominal wt%) 
and the codes of neat PLA and PLA/NGP samples (hereafter, samples are referred to 
according to their sample codes).  
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Table 6.1. Compositions of PLA/NGP composites and their corresponding sample codes. 
  Sample Code 
 Sample Compositions  
neat 
PLA PLA01 PLA03 PLA05 PLA07 PLA10 
 PLA content (wt%) 100 99 97 95 93 90 
 NGP content (wt%) 0 1 3 5 7 10 
 Times extruded (no.) 1 1 1 1 1 1 
 
 
Samples were melt-blended in a Brabender Twin Screw extruder. The speed and 
temperature of the extruder were set at 180 
o
C and 40 RPM, as too high or too low 
extrusion temperatures or speed may result in thermal degradation and/or insufficient shear 
for proper mixing of nanocomposites. Subsequently, the extruded composites were 
pelletized and then stored in a vacuum oven at 50 
o
C before further processing.  
Dried pellets were compression moulded into 2 mm thick circular plaque with 20 mm 
diameter specimens. The compression moulding temperature was 180 
o
C and the 
compression force was kept at 80 kN for 5 minutes. Cooling water was used to cool the 
moulding press from 180 to 50 
o
C.  
Samples were stored in a vacuum oven at 50 
o
C. Portable desiccators containing silica gels 
were used to carry the samples from the vacuum oven to characterization instruments.                                                                                                       
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6.2 Results and Discussion 
 
6.2.1 Morphological Properties  
 
The crystalline structures and the dispersion of nanofillers were investigated using XRD 
and TEM in the current study. Fig. 6.1 illustrates the diffractograms recorded for the 
samples at ambient condition. The presence of a scattered intensity distribution with a 
broad maximum around 2θ~16.5o in composites, indicates a semi crystalline structure of 
PLA. The diffractograms also demonstrated an intense peak at 2θ value of ~ 26o assigned 
to intercalated nanographite platelet layers at a distance of 0.341 nm, which has been 
detected at similar 2θ value for graphite sheets in earlier studies [84, 199, 200]. The same 
d-spacing of graphite layers was found in all composites and suggests that the melt-
blending process did not separate the graphite layers. Fig. 6.2 shows TEM images of 
composites at 0.2 µm magnification obtained via direct dosing and melt blending of 
nanofillers into PLA. Hybrid morphology of agglomerated and intercalated layers of 
graphite sheets were evident in the micrographs (Fig. 6.2 a, f). The lengths of these 
nanolayers were several hundreds of nanometers.  In addition, tactoids were present in 3-
10 wt% NGP composites, which suggest that the sharp peaks at 2θ~26o may be a 
consequence of tactoids or intercalated NGP layers. The TEM micrographs also illustrated 
some perpendicular orientation of platelets (~20-50 nm thickness) to images’ surface area 
(2.1 X 2.1 µm
2
).  
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Fig. 6.1: Comparative XRD diffractograms of composites after compression moulding: 0-
10% NGP content. 
 
 
Fig. 6.2: TEM micrographs of PLA/NGP composites at 0.2 µm magnification microtomed 
from compression moulded specimens: PLA01 (a, b), PLA03(c, d), PLA05(e, f), PLA07(g, 
h), PLA10(i, j). 
 
Overall, the morphological characterization of the current study demonstrated tactoid and 
agglomerate formation in coexistence with limited intercalation and partial 
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individualization. Indeed, the majority of the graphite layers were still present in aggregate 
structure, which may have been due to the strong bond between the graphite sheets that 
kept them interlinked with one another and only allowed partial exfoliation of NGP fillers 
[83]. Unlike nanofillers, such as Organically Modified Layered Silicate (OMLS), melt 
blending and dry mixing processes may not be capable of efficient dispersion and 
individualization of graphite layers. Thus, through the mixing process, PLA/NGP samples 
may only be identified as hybrid nano/micro-composites and not nanocomposites.  
 
6.2.2 Mechanical Properties 
 
Fig. 6.3, illustrates the Young’s modulus and elongation at break of the samples as a 
function of filler content. The incorporation of NGP into PLA significantly increased the 
Young’s modulus. The sample with 3 wt% NGP content had the highest modulus, 135% 
higher than the base polymer. The optimum content of around 3 wt% nanofiller is 
consistent with the mechanical percolation threshold reported for platey nanocomposites 
[53]. Although the morphological characterization showed poor dispersion of nanofiller in 
the polymer matrix, the enhancement in elastic modulus can be attributed to the partial 
intercalation of polymer chains in NGP galleries resulting in reinforcement of the system 
[214]. A gradual decrease in modulus was found for filler contents of 5-10 wt%, which 
may be assigned to the inability of filler to intercalate above the percolation threshold. This 
may also be due to the tendency of NGP particles to aggregate at higher loadings. As Fig. 
6.3 illustrates, the addition of NGP resulted in a decrease in elongation at break for the 
composites. Thellen and colleagues [207] reported that the addition of nanofillers to 
plastics typically decreases the composites’ elongation considerably and increases their 
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embrittlement. The mechanical properties of the samples in the current study have already 
been reported by the author [196]. 
 
Fig. 6.3: Young’s modulus and elongation at break of neat PLA and PLA/NGP composites 
as a function of NGP content.  
 
6.2.3 Dynamic Shear Rheology 
 
6.2.3.1 Dynamic Strain Sweep Test 
 
Dynamic strain sweep tests were conducted at 180 
o
C and at a constant frequency of 1 (i.e. 
for 0, 1, 3% NGP) and 5 rad/s (i.e. for 5, 7, 10% NGP). Between the two rheological 
parameters, storage modulus ( 'G ) and loss modulus ( ''G ), the storage modulus is 
considered the most sensitive to changes in microstructure during the study. The critical 
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strains were measured as the onset of drop in 'G  while increasing strain, which marked the 
onset of alignment of nanographite platelets at lower strain amplitudes. The critical strain 
values demonstrated the onset of non-linear viscoelasticity.  Fig. 6.4 shows the relationship 
between storage modulus ( 'G ) and strain. The linear region of each curve depicts linear 
viscoelastic behaviour of that particular sample. The limit of linearity for the neat PLA and 
composites are shown in Table 6.2. For neat PLA and PLA01 no significant change of 
storage modulus ( 'G ) with increasing strain amplitude was found. PLA03 sample showed 
linear viscoelasticity region up to 25% strain, whereas PLA05, PLA07, and PLA10 
composites exhibited highly pronounced nonlinear behaviour, where onset of the 'G  drop 
occurred at critical strains less than 2%. The limit of linearity of viscoelastic region tended 
towards low strains amplitudes at higher NGP concentrations (Table 6.2).  
 
Fig. 6.4: Evaluation of the linear viscoelastic response (logarithmic scales) of neat PLA 
and PLA/NGP composites at constant frequency. 
 
P a g e  | 111 
 
Table 6.2. Critical strain values of neat PLA and PLA/NGP composites. The values were 
estimated from the change in the slope of the moving average trendline of each individual 
curve. 
 
Samples Critical Strain (%) 
neat PLA 100 
PLA01 100 
PLA03 25 
PLA05 2.5 
PLA07 0.2 
PLA10 0.16 
 
 
As a result of the strain exposure of the samples, the neat PLA showed its inherent 
viscoelastic property while the composites became hard enough to move with shear. 
However, PLA01 followed a similar behaviour to the neat PLA sample. It is possible that 
these solid-like behaviours of composites (>1 wt% NGP content) are due to the interaction 
between the PLA and NGP particles. At sufficiently high strains, strain concentration 
occurring in the interparticle regions may have led to the perturbation of the entangled 
bulk matrix structure and the mesostructure of the material could have started to respond 
according to the deformation [215]. Since the strain applied in the linear region to the 
samples was not high enough to unrest the mesostructure of the material’s equilibrium 
state, it remained in the quiescent state and the imposed deformation or strain was 
absorbed by the material as a result [9]. During the high shear process, the mesostructure 
of the material began to align in the direction of the shear flow. Krishnamoorti et al. (2001) 
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described these alignments as similar to that observed in crystalline polymers and block 
co-polymers.  
 
6.2.3.2 Dynamic Frequency Sweep Test 
 
The Dynamic frequency sweep (DFS) tests were conducted at strains close to the critical 
strain values of samples. Since the rheological properties of polymer melts depend highly 
on the temperature, the time-temperature superposition principle was applied to produce 
the master curves with the reference temperature of 180 
0
C. For thermo-rheological 
materials, bi-logarithmic plots of loss and storage modulus, as well as complex viscosity as 
a function of frequency can be superimposed by horizontal shifts )log( Ta  and vertical 
shifts )log( Tb  versus )log( T  axis [129], where Tref is the reference temperature: 
),(),()/(
),("),("
),('),('
TTaab
TGbTaGb
TGbTaGb
refTTT
TrefTT
TrefTT



 


                  
 
  
The RSI Orchestrator software (Version 6.5.8, developed by Rheometric Scientific) was 
employed to plot the master curves and the steady shear viscosity measurements were 
conducted using parallel plate geometry with the sample thickness of 1.65 mm and plate 
diameter of 20 mm. Fig. 6.5 illustrates the bi-logarithmic master curves of the storage 
modulus ( 'G ) and loss modulus ( ''G ) as a function of frequency  Ta  of neat PLA and 
PLA/NGP composites. Both G’ and ''G  of samples increased monotonically at all 
frequencies. Homopolymer-like terminal flow behaviour was expected to be exhibited by 
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neat polymer samples at low frequency region [116]. As shown in Fig. 6.5, terminal 
behaviour  12 )(",)('   GG  was observed at the lower frequency (terminal) 
region  10Ta  of the neat PLA and PLA01 samples. At higher NGP content (3-10 wt% 
NGP), pseudo-solid like behaviours  0)("),('  GG  were observed at terminal 
regions, which can mainly be applied to homopolymers that behave as Newtonian fluids. 
For composites, the slope of moduli at low frequencies characterizes their quiescent nature 
[216]. Storage modulus of PLA01 and PLA03 composites behaved similarly to neat PLA. 
At low frequencies, there was an increase in 'G  when the concentration of NGP was 
increased from 0 to 3 wt%, while, at higher frequencies  sradaT /10  storage 
modulus of those composites attained similar values as neat PLA. PLA05, PLA07 and 
PLA10 composites were comparable in behaviour, however, at higher frequency regions, 
'G  of all samples coincided with each other. Loss moduli of samples at measured 
frequencies  sradaT /10001.0   were distinctively higher than their corresponding 
storage moduli and showed monotonic increases over this frequency range. Nevertheless, 
at high frequency region  sradaT /100  'G  and ''G  of all samples coincided and 
appeared to cross over (Fig. 6.5). At high frequency regions  sradaT /10010  , less 
increase in both G’ and ''G  was observed which could be attributed to the alignment of 
anisotropic NGP platelets or stacks of platelets in the direction of the flow. As a result of 
this alignment, less moduli enhancement was shown in the results.  
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Fig. 6.5: Comparative master curves of reduced frequency dependence of (a): storage 
modules ( 'G ) and (b): loss modules ( ''G ) versus frequency (bi-logarithmic scales) of neat 
PLA and PLA/NGP composites. Measurements conducted at 170, 180, 190, and 200
O
C 
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(Tref= 180°C ) and   critical strain of samples over full range of frequency (0.01-100 rad.s
-
1
). 
 
The liquid-like (terminal) behaviour observed in neat PLA gradually changed to pseudo-
solid-like behaviour at 3 wt% NGP loading (PLA03). The exhibition of pseudo-solid-like 
behaviour at high filler content (>3 wt% NGP) composites may have been due to the 
prevented relaxation caused by high geometric constraints or physical jamming of the 
agglomerated NGP layers and filler’s tactoid formation. Moreover, the lower slope of 
storage modulus as well as their corresponding higher absolute values of both moduli for 
higher filler content composites can be a result of the formation of spatially-linked 
structure under molten state of processing [217].      
Fig. 6.6 illustrates the master curves of dynamic complex viscosity of the samples. Neat 
PLA, PLA01 and PLA03 exhibited Newtonian like behaviour at low frequency regions
 10Ta . The deviation from Newtonian like behaviour to shear thinning behaviour 
occurred at PLA03 and became more accentuated for PLA05, PLA07 and PLA10. It was 
also clear that the zero complex viscosity of samples enhanced as the amount of filler 
content increased. This result may be due to the elevated limitation of polymer chain flow 
in molten state caused by addition of nanofillers to the polymer matrix. Okomoto et al. 
(2000) and Sinha Ray (2003) reported similar shear thinning behaviour of platy nanofillers 
like clay in the rapid shear flow. This characteristic has been attributed in literature to the 
shear-induced alignment of the dispersed clay particles in polymer matrix and its strong 
dependence on the shear rate in dynamic measurements [218].  
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Fig. 6.6: Comparative master curves of Complex viscosity, |η*|, versus frequency (bi-
logarithmic scales) of neat PLA and PLA/NGP composites. Measurements conducted at 
170, 180, 190, and 200
O
C (Tref= 180°C ) and critical strain of samples over full range of 
frequency (0.01-100 rad/s). 
 
At higher frequency regions  sradaT /10 , all samples exhibited shear thinning 
behaviour. This can be a result of the alignment of NGP layers in the direction of shear at 
high frequency regions, where the filler contents have small effect on the complex 
viscosity of composites and the relaxation mechanism was mainly governed by the 
polymer matrix. This is unlike the lower frequency regions, where the relaxation 
mechanism was dominated by particle-particle interactions inside the percolated network 
of NGP layers [219]. Furthermore, the applicability of the time-temperature superposition 
principle for PLA/NGP samples is a significant indication of thermo-rheological simplicity 
of these composites upon which it exhibits the predictability of these materials’ rheological 
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characteristics when subjected to non-stationary and non-uniform temperature fields [220, 
221].   
 
Bhattacharya [140] defined the percolation threshold for filler loading as the level beyond 
which the formation of a three-dimensional percolated network is established and the 
filler-filler interactions become significant. Thus, the evaluation of the percolation 
threshold can be performed during the linear viscoelastic regime when a sudden change of 
behaviour (slope (α)) occurs from liquid-like response to solid-like response [141-143]. 
This transformation could be due to the fact that as the filler content increases, the 
frequency dependence of the composites decreases and the moduli tend to become ω-
independent at the terminal region. Consequently, such end-result could cause the 
exhibition of a solid-like behaviour at low frequencies, indicating the formation of 
percolation networks within the polymeric matrix. The slope (α), i.e. slope of monotonic 
increase of moduli as a function of frequency at terminal regions, of storage modulus 
versus frequency of all samples was manually measured at low frequency range (0.01> ω 
>1) (the results are shown in Table 6.3). Results found the highest value of 1.9 for neat 
polymer, with a decrease for NGP loadings of 1-10 wt%.  Fig. 6.7 demonstrates the slope 
(α) of samples versus their NGP contents. The change in slope of the moving average 
trendline with period of two marks the percolation threshold region of PLA/NGP 
composites about 3 wt% filler content. This threshold corresponds to the formation of a 
three-dimensional network structure, whereby NGP platelets act as physical cross-linkers, 
hence forming a mesostructure with enhanced interactions [140]. Beyond 3 wt% NGP 
concentration, (i.e. PLA05 and PLA07) composites showed pseudo-solid like behaviour 
when 'G  became nearly independent of frequency (ω). PLA10 demonstrated solid 
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behaviour with slope (α) value of zero; thus, it was not considered for determining the 
percolation threshold region. 
 
 
 
 
 
 
Fig. 6.7:  Slope (α) of 'G  as a function of NGP content of the samples at lower frequency 
region (0.01> ω >1). The intersection in “moving average trendline” indicates the location 
of percolation threshold region. 
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Table 6.3. Slope (α) of 'G  and ''G  of samples at lower frequency region (0.01> ω >1). 
Samples 
Slope 
(α) G' 
Slope 
(α) G" 
neat PLA 1.9 1.7 
PLA01 1.8 1.6 
PLA03 1.4 1.4 
PLA05 0.7 1.3 
PLA07 0.3 1 
PLA10 0 0.1 
 
Overall, dynamic rheological properties of samples including complex viscosity, storage 
and loss moduli confirmed that the gradual changes from liquid-like behaviour in neat 
PLA, PLA01 and PLA03 samples to pseudo-solid like behaviour in PLA05-PLA10 
samples were evident. Therefore, it can be concluded that due to this change in samples’ 
behaviour, percolation threshold region was attained.   
6.2.4 Steady Shear Rheology 
 
Fig. 6.8 demonstrates the dependence of steady shear viscosity (η) on shear rate as 
measured at 180 
o
C. The zero-shear viscosity of neat PLA and PLA01 did not show any 
marked differences, however, PLA03’s zero-shear viscosity was almost 30% higher than 
neat PLA. Elevations in shear viscosity to 65%, 110% and 220% in PLA05, PLA07 and 
PLA10 composites were found (Table 6.4). The intersection between the Newtonian 
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region at low shear rate and the shear-thinning region (power law behaviour) occurred at 
the critical shear rate (CSR). The inverse of the CSR is approximately equivalent to the 
characteristic time of the samples, which is the longest relaxation time required for elastic 
structure [214].  Although non-Newtonian shear thinning behaviour was observed in all 
samples, it started at drastically lower shear rates as the NGP content of composites 
increased above 3 wt%. The shear thinning nature of PLA/NGP indicates that PLA/NGP 
composites can efficiently undergo melt processing [222]. Indeed, for PLA07 and PLA10 
samples the exhibition of low shear viscosity plateau was not clear enough. Furthermore, 
the observed enhancement in shear thinning behaviour at very low shear rates for higher 
filler content (5-10 wt%) composites might also be a sign of polymer imprisonment 
between NGP particles and layers, by which a larger effective strain rate could have been 
experienced [223, 224]. In other words, it simply exhibited the enhanced energy 
dissipation in the presence of solid particles, and the smaller particle interaction at lower 
filler content (1-3 wt%) regimes may be the reason why their viscosities are similar to neat 
PLA system. Similar observations for polymer-clay nanocomposites have previously been 
reported in the literature [222, 225, 226]. This noteworthy enhancement in zero-shear 
viscosity may be due to tactoid formation and agglomeration of nanographite platelets at 
higher filler contents, resulting in significant interaction between anisotropic graphite 
platelets, which initiated a strong dependence of viscosity on NGP loading. Comparable 
results to dynamic complex viscosity were also observed in terms of steady shear viscosity 
of samples where the shear viscosity of composites became similar to that of neat PLA at 
high shear rates. According to Krishnamoorti et al. (2001), this independence of 
composites’ viscosity from NGP loading at high shear rates suggests that filler layers and 
their tactoids contribute negligibly to the overall viscosity due to the ability of NGP layers 
to become aligned and reorientated in the direction of shear flow.  
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Fig. 6.8: Steady shear viscosity as a function of shear rate (logarithmic scales) for neat 
PLA and PLA/NGP composites at 180
o
C. 
Table 6.4. Zero-shear viscosity, critical shear rate, and characteristic time of samples 
measured during steady shear sweep test at 180 
o
C. 
Samples η0 (Pa.s) CSR (S
-1
) λ (s) 
neat PLA 1250 2.00 0.50 
PLA01 1290 1.58 0.65 
PLA03 1600 0.08 12.60 
PLA05 2060 0.06 15.85 
PLA07 2650 0.02 25.15 
PLA10 3980 0.015 39.80 
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Overall, the finding of different behaviours in shear viscosity of all composites at low 
shear rates suggests that the strong orientation of filler layers in the flow direction, as well 
as similar viscosity and shear thinning behaviour of samples at higher shear rates reveal 
the dominance of shear rheological properties of neat polymeric system.  
Due to the complexity of measuring the steady shear viscosity of highly elastic fluids and 
polymers at high shear rates using conventional rheometers, a simple empiricism known as 
Cox-Merz relation was used to estimate the shear viscosity of the material. It was almost 
unfeasible to measure the shear viscosity of polymer melts at shear rates greater than one 
with basic flow geometries such as parallel plate arrangements [130]. Thus, high frequency 
oscillatory data were employed to approximate the steady shear viscosity of polymer melts 
via the following equation 6.1 [131]: 
    
     
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                (6.1) 
According to complex viscosity and steady shear viscosity data presented in previous 
sections of this study (Figs. 6.6 and 6.8), the failure of Cox-Merz relation for composites 
was evident for this system. The difference between steady-state and dynamic data was 
more apparent at higher filler contents. Similar discrepancies with Cox-Merz relation were 
also reported in different polymer nanocomposite studies where anisotropic fillers (i.e. 
organo-clay) contents were incorporated into polymeric matrix [214]. Furthermore, it was 
clear that Cox-Merz relation failed for all shear rates, which may have been a result of the 
ability of shear force to break filler network and also orientation of NGP layers parallel to 
flow direction compared to that of the dynamic oscillatory state.  Moreover, Cox-Merz rule 
might be only functional for homogenous systems like neat polymers and not 
heterogeneous systems like composites. Finally, the difference in structure formation due 
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to dynamic oscillatory shear and steady shear measurements could have been another 
contributing factor in failure of this relation [217]. 
Measuring shear viscosity at high shear rates is generally a difficult process, and thus, 
different models have been developed by various researchers to tackle this issue. The 
Carreau model (1972) is a prominent three-parameter model given in equation 6.2: 
 
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Where λ (s) is the characteristic or relaxation time, η0 (Pa.s) is the zero-shear viscosity and 
n is a dimensionless parameter which determines the slope of shear viscosity versus shear 
rate in the shear thinning (power law) region (i.e. slope = n - 1 where 0 ≤ n < 1, special 
case: Newtonian flow, where n = 1 or 0

n ). On the other hand, the Carreau-Yasuda 
model (1979) is a five-parameter model which provides improved fits and is known as the 
most reliable model estimating zero-shear viscosity of polymer melts [130]. It is shown in 
equation 6.3:  
  
 
a
n
a



















1
1
1



o
                    (6.3)                                                                                       
 
Where parameter a improves the depiction of the transition zone between Newtonian flow 
and shear thinning regions (i.e. a = 2 in Carreau model). η∞, is the shear viscosity at very 
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high shear rates, however, due to its inaccessibility in this study, it was eliminated from 
equation 6.3. The modeling parameters were adjusted to calculate the best fit of the 
experimental results utilizing Microsoft Solver in Excel 2007 software. Fig. 6.9 compares 
the model predictions to viscosity data for neat PLA and PLA/NGP composites. The 
Carreau-Yasuda model shows enhanced predictability to the Carreau model. However, 
both models present a relatively weaker prediction in PLA03 composite. Both models 
showed that the degree of shear thinning behaviour remained almost constant from neat 
PLA to PLA03 composites and reached its maximum at PLA05 sample. At PLA10 
sample, the degree of shear thinning behaviour remained considerably higher than neat 
PLA to PLA03 composites; however, it was close to that of the PLA05 sample. As already 
mentioned, this improvement in shear thinning behaviour could be due to the change in 
composite’s microstructure from random orientation to a shear induced ordered orientation 
and consequently the alignment of NGP layers under shear [222, 227, 228]. The calculated 
values of a, n and λ are shown in Table 6.5.  The characteristic times (λ) of neat PLA and 
PLA/NGP composites were obtained from both models. Significant increases in relaxation 
times began from PLA03 and reached its maximum at PLA10 sample, which is an 
indication of early termination of pseudo-solid behaviour at lower shear rates and higher 
rigidity in composites at higher NGP contents. The importance of the value of a parameter 
is still not well understood in polymeric systems and remains as correction factor for 
transition between Newtonian to shear thinning behaviour in rheological modeling 
purposes.  
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Fig. 6.9: Comparison between steady shear viscosity versus generalized models of selected 
(neat PLA and PLA07) systems as a function of shear rate at 180
o
C.  
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Table 6.5. Carreau and Carreau-Yasuda model (equations 6.2 and 6.3) parameters of neat 
PLA and PLA/NGP systems. 
  Carreau Model Carreau-Yasuda Model 
Sample  zero-η (Pa.S) λ (s) n λ (s) n a 
neat PLA 1250 0.30 0.00 0.35 0.00 4.95 
PLA01 1290 0.40 0.00 0.45 0.00 4.95 
PLA03 1600 0.75 0.00 0.40 0.00 1.10 
PLA05 2060 22.50 0.90 11.40 0.85 1.00 
PLA07 2650 27.55 0.70 28.20 0.70 2.20 
PLA10 3980 29.00 0.85 31.00 0.80 3.45 
 
Overall, the prediction of the behaviours of samples was moderately similar in both 
models. They both indicate a transition of steady shear behaviour from PLA03 to PLA05 
composites which is in agreement with the dynamic oscillatory analysis of samples where 
the change in behaviour was exhibited in the slope (α) (Fig. 6.7). Furthermore, the 
mechanical analysis of samples confirmed the presence of a percolation threshold at 
around PLA03 composite (Fig. 6.3). Hence, it can be concluded that the rheological 
percolation threshold of composites lies somewhere in the vicinity of 3 wt% filler content. 
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6.2.5 Liquid-Solid Transition and Gelation Property Evaluations 
 
In order to investigate the relaxation modulus of the samples, the stress-relaxation tests 
were performed at 180
0
C with strain magnitudes within the viscoelastic region of the 
samples.  According to Winter and Chambon [132, 133], the simple relaxation behaviour 
of the critical gels is followed by a power law relaxation modulus, where, S (gel strength) 
and n (relaxation exponent) are the characteristics of the critical gel while λ denotes the 
relaxation time: 
nSttG )(           For    t0                                                                            (6.4) 
The power law region is assumed to be extended to infinite time. The longest relaxation 
time (λmax) diverges to infinity from the liquid region to the liquid-solid transition (LST) 
region. Beyond the LST, where the material shows solid-like behaviour, the relaxation 
modulus demonstrates finite values at long times. This finite modulus is called equilibrium 
modulus (Ge) and has the following mathematical definition: 
)(lim tGG
t
e

                                                       (6.5) 
The value of Ge can be estimated from the relaxation modulus plot and is greater than zero 
only beyond the gel point. The magnitude of the longest relaxation time or the 
characteristic time (λmax) can be determined at the intersection between Ge and nSttG )(  
which is also the intersection of the power law region and the linear (horizontal) section of 
the plots [134]: 
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P a g e  | 128 
 
The storage and loss moduli of a critical gel obey a scaling law with the same exponent n 
[135]: 
nGG  )("),('    Where 0 < n < 1                                        (6.7) 
)2/tan(tan)("/)('  nGG                                           (6.8) 
 
'G  and ''G  at the gel point are given by the following formula [136], where 
cGGGG )'/"('/"   is the value at which the curves intersect in a single point and Γ(n) is 
the gamma function. 
)2/cos()1()2/tan(/)(")('  nnSnGG n                       (6.9) 
Therefore: 
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                                                                  (6.11) 
The relaxation exponent (n) is restricted to values between 0 and 1. The value of n reaches 
zero for Hookean solids and n < 1 is necessary to assure a diverging zero-shear viscosity at 
the gel point. The relaxation exponent (n) and the gel strength (S) determine the linear 
viscoelastic behaviours of critical gels (equation 6.11). The lack of universal values for 
critical gels’ relaxation exponents, results in the existence of n values, where the critical 
gel is either soft and fragile (n tends to 0 and S is small ) or stiff and hard (n tends to 1 and 
S is large ) [136]. 
Fig. 6.10 shows the frequency independent values of tan δ versus NGP filler contents (1-10 
wt%). A steady decrease in tan δ with increasing NGP filler content was observed at low 
frequency regions (ω = 1, 0.316 and 0.1 rad/s). The cross point of the curves at low 
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frequency region occurred at filler contents between 5 and 7 wt% and tan δ value of about 
11. The relaxation exponent was calculated via equation 6.10 and resulted in n value of 
0.94. Fig. 6.11 demonstrates the 'G  and ''G  /tan (nπ/2) against filler concentration of the 
samples. No occurrences of crossover points between 'G  and ''G /tan (nπ/2) were 
observed. The relaxation modulus versus the relaxation time of the samples is shown in 
Fig. 6.12. The samples containing NGP fillers less than 3 wt% (neat PLA-PLA03) 
demonstrated the absence of the equilibrium modulus (Ge) as their λmax values tend to 
reach zero at high relaxation times. Dealy and Larson (2006) ascribed the long-time 
limiting value of G(t) (equilibrium modulus) to cross-link elastomers whereas its absence 
(Ge=0) is evident in polymer melts  [147]. Nevertheless, conspicuous relaxation 
equilibriums were detected at filler contents 5-10 wt% (PLA05-PLA10) when the curves 
plateaued at λ ≥ λmax. Fig. 6.13 illustrates the best fits of the power law trend lines 
(equation 6.4) for the relaxation modulus versus relaxation time plots at λ ≤ λmax (the 
power law region). High values of the coefficient of determinations (R
2
 > 0.97) for all 
samples suggest that the power law model proposed by Winter and Chambon fits well to 
the composites.  
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Fig. 6.10: The loss tangent (tan δ) of the samples at different frequencies, as a function of 
NGP filler contents of PLA/NGP composites. 
 
Fig. 6.11: 'G  (solid) and ''G /tan (nπ/2) (dashed) of PLA/NGP composites at different 
frequencies versus their corresponding NGP filler contents. 
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Fig. 6.12: Relaxation modulus of neat PLA and PLA/NGP composites against relaxation 
time (time of cross-linking) at 180
o
C. 
P a g e  | 132 
 
 
Fig. 6.13: Demonstration of the power law regions of the samples and their corresponding 
Winter-Chambon equation (equation 6.4) from Relaxation modulus versus relaxation time 
data (Temp. =180
o
C). 
Table 6.6 shows the corresponding values of relaxation equilibriums, characteristic times, 
gamma functions, gel strengths and relaxation exponents of the samples. The presence of 
Ge and λmax was recorded in PLA05-PLA10 composites only, while neat PLA-PLA03 
samples did not show any solid like behaviour at all relaxation times (Ge and λmax = 0). The 
only distinguished trend was found in the values of λmax which markedly decreased from 
PLA05-PLA10 samples. However, the calculated values of n and S did not satisfy the 
ranges proposed by Winter and Chambon (1997).  
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Table 6.6. Gelation properties of neat PLA and PLA/NGP composites. Data were 
calculated utilizing Eqs. 6.6, 6.9, 6.10 and 6.11.  
 
Sample Code 
 
neat PLA PLA01 PLA03 PLA05 PLA07 PLA10 
Ge (Pa) 0 0 0 1.27 0.40 25.95 
  
      λmax (s) 0 0 0 1.96 1.37 0.50 
  
      Γ(n) 1.72 2.16 1.47 1.10 1.27 1.21 
  
      S (Pa s
n
) 0.82 0.38 1.96 5.56 0.86 5.11 
  
      n 2.83 3.08 2.63 2.20 2.43 2.36 
 
 
In a study performed on PVC6, PVC8, Sugimoto (2007) showed that the occurrence of the 
critical gel is only possible at a certain temperature called the critical gel temperature (Tgel) 
at which the terminal slope of loss and storage moduli becomes independent of frequency. 
It was shown that over a temperature range of 150-220ºC,  such behaviour was only 
observed at Tgel of 190 ºC (PVC8) and 210 ºC (PVC6) in ω-independent-loss tangent (flat 
tanδ) of their samples over a wide frequency spectrum (10-1-102 rad/s)[229]. Therefore, in 
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order to investigate the deviation of neat PLA results from LST theory’s proposed range of 
relaxation exponent (0 ≤ n < 1), the effect of temperature on the phase angle was further 
explored. Fig. 6.14 demonstrates tanδ versus frequency of neat PLA at temperature 
spectrum of 150-200ºC. The results suggest that the loss tangent did not become 
independent of frequency; hence, the critical gel behaviour was not obtained over this 
temperature range. Therefore, the absence of the critical gel behaviour in the polymeric 
matrix could have been a main cause of obtaining exponent values larger than the 
proposed ones. Moreover, it has been shown that the presence of the strain hardening 
behaviour in extensional viscosity is only possible below Tgel of the polymeric systems 
(Sugimoto, et al. 2007).  
 
 
Fig. 6.14: Demonstration of loss tangent (tanδ) of neat PLA versus angular frequency (ω) 
at temperature range 150-200°C.   
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In a study conducted by Liu et al. (2003), the gelation behaviour of polycarbonate-carbon 
nanotubes (PC/CNT) composites was attributed to the entanglement of CNTs (caused by 
large aspect ratio and intrinsic random curvature of the defective nanotubes), as well as the 
non-covalent interaction between polymer chains and CNTs. The formation of the 
interconnecting structure of nano fillers occurred at the percolation threshold which 
resulted in the enhancement of storage modulus of their samples. They assigned this 
increase in 'G  to the hindrance of the straight forward relaxation of polymer chains as a 
result of the mutual constraint of the percolation threshold structure. They also showed that 
in polymer/CNT gels, the values of the gel point, gel strength (S) and relaxation exponent 
(n) are dependent on the level of dispersion of CNTs within polymeric matrix, the aspect 
ratio of CNTs and the interaction between CNTs and the polymer matrix [135]. Therefore, 
poor dispersion of NGP fillers within the polymeric matrix (morphological analysis 
section) could have also contributed to inadequate exhibition of gelation behaviours in 
PLA/NGP.  
Overall, the emergence of the relaxation equilibrium and characteristic times of PLA05-
PLA10 samples may support the occurrence of liquid-solid transition behaviour at about 3 
wt% filler content composites, which is in conformance with the slope (α) analysis and the 
mechanical percolation threshold of this study. Moreover, poor demonstration of gelation 
behaviour of neat PLA and PLA/NGP samples is not consistent with the Liquid-solid 
transition theory proposed by Winter and Chambon. Two main causative factors behind 
this inconsistency could be the absence of Tgel within the testing temperature spectrum in 
addition to poor dispersion of nanofillers within PLA matrix. Further investigations of this 
discrepancy will be performed through extensional rheological analysis of the samples in 
an upcoming study. 
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6.3 Conclusion 
 
PLA/NGP composites were prepared via melt intercalation mixing process. Results of the 
dynamic strain sweep tests showed that the composites with filler contents above 3 wt% 
exhibited pronounced nonlinear viscoelastic behaviour at strains greater than 2%. Through 
dynamic frequency sweep tests, the master curves of storage and loss moduli showed that 
the change in liquid-like behaviour into pseudo-solid-like behaviour occurred at 3 wt% 
NGP content composites. The complex viscosity master curves illustrated a change from 
Newtonian to shear thinning behaviour at low frequency region occurred at 5 wt% filler 
content. The rheological percolation threshold of composites via investigation of slope (α) 
was found to be around 3 wt% NGP content. The validity of Cox-Merz relation was not 
satisfied in these composites and it failed at both low and high shear rates. The modelling 
of steady shear viscosity results revealed a transition of behaviour from 3-5 wt% nanofiller 
content. The presence of the characteristic time and relaxation equilibrium for samples 
with NGP filler contents beyond 3 wt% could be attributed to the manifestation of liquid-
solid transition of the composites in that region. However, the composites and neat PLA 
demonstrated dissatisfactory gelation properties, the effects of which are yet to be 
investigated. 
Most importantly, this study revealed that polylactide and nanographite platelets are 
appropriate options for the fabrication of biodegradable nanocomposites from a mere 
rheological standpoint. The interfacial compatibility between PLA chains and NGP fillers 
was exhibited through the successful application of steady (Carreau-Yasuda) and dynamic 
(time-temperature superposition, slope α percolation threshold analysis and Winter- 
Chambon liquid-solid transition theory) melt shear rheological modelling of the 
composites. Nonetheless, poor dispersion of NGP fillers within PLA matrix in conjunction 
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with the application of a working temperature different from Tgel of the samples could 
have been the principal driving factors behind the observed discrepancies from the 
proposed gelation theory.   
 
Furthermore, mechanical testing showed most improvement of Young’s modulus at 3 wt% 
filler content sample. Morphological analysis of the samples suggested that adequate 
dispersion of nanofillers was not achieved in this study. Therefore, the PLA/NGP samples 
cannot be categorized as nanocomposites and in fact, it suggests that the dispersion of 
graphite platelet layers into PLA matrix may not be efficiently accomplished through melt 
intercalation and dry mixing process. The future studies will focus on extensional 
rheological testing of the samples as well as the application of solvent-casting techniques, 
in order to improve the dispersion of NGP fillers in PLA matrix.   
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Chapter 7: Extensional Rheological Investigation of 
Biodegradable Polylactide-Nanographite Platelet Composites 
via Constitutive Equation Modelling 
 
This chapter has been accepted to be published as an individual manuscript in 
“Macromolecular Materials and Engineering” journal. The focus of this research was on 
linear and non-linear melt rheological investigations of polylactide (PLA) and 
nanographite platelet (NGP) based bionanocomposites. The linear steady and dynamic 
shear viscoelastic behaviours of the samples were analysed to study the effects of NGP 
filler contents on the rheological properties of the composites at terminal and zero-shear 
viscosity regions while the non-linear shear behaviours were investigated to predict and 
validate the extensional rheological properties the of neat PLA and PLA/NGP composites. 
Uniaxial extensional measurements were performed to probe the impacts of nanofiller 
contents along with extensional strain rates on the linear viscoelastic envelope (LVE) and 
non-linear elongational strain hardening behaviours of the samples. Furthermore, in order 
to enhance the accuracy of the prediction and validation of the extensional viscosity of the 
samples, the modelling of strain-hardening behaviour of neat PLA and its composites was 
achieved by analysing their dynamic moduli, steady shear viscosity, relaxation spectrum 
and damping function based on Papanastasiou-Scriven-Macosko-Luo-Tanner (PSMLT) 
form of Kaye-Bernstein-Kearsley-Zapas (K-BKZ) constitutive equation. 
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7.1 Experimental  
 
7.1.1 Materials  
 
Grade 3051D Poly (L,L-lactide)- (PLA) was supplied by NatureWorks LLC with melt 
index and specific gravity of 10-30g/10min and 1.24, respectively. The molecular 
characteristics of PLA 3051D were reported as: weight average molecular weight (Mw) = 
92.5 x 10
3
 g/mol, Mw/Mn = 1.82, Tg = 55 °C, Tm = 150 °C, Intrinsic viscosity (η) = 89.5 
mL/g, hydrodynamic and gyration radii (Rh, Rg) = 10.6, 16.6 ± 7.1 nm and with 
relationship between zero shear viscosity and molecular weight of   4.32.14
1800
10 wCT Mr


  
[41].  Nanographite platelets (NGPs) were supplied by XG Sciences, Inc. US Michigan 
and the grade of NGP used for this study was “M” with the following characteristics: 
average thickness of approximately 6 - 8 nanometers and a typical surface area of 120 to 
150 m
2
/g.   
 
7.1.2 Processing  
 
PLA pellets and nanographite platelets (NGP) were dry mixed in the desired composition 
before melt blending in 300 g batches. Table 7.1 shows the compositions (nominal wt%) 
and the codes of neat PLA and PLA/NGP samples (hereafter, samples will be referred to 
according to their sample codes).  
Samples were melt-blended in a Brabender Twin Screw extruder. The speed and 
temperature of the extruder were set at 40 RPM and 180 
o
C, respectively. For shear 
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rheological measurements, dried pellets were compression moulded (temp.=180 
o
C , 
compression = 80 kN for 5 minute) into 2 mm thick circular plaque with 20 mm diameter 
specimens. Regarding the extensional rheological measurements, the pellets were moulded 
into 57x7x1.5 mm
3
 rectangular cavities to be tested in RME [178].  
Table 7.1. Compositions of PLA/NGP composites and their corresponding sample codes. 
  Sample Code 
 Sample Compositions  neat PLA PLA01 PLA02 PLA03   
 PLA content (wt%) 100 99 98 97   
 NGP content (wt%) 0 1 2 3   
 
 
7.2 Results and Discussion 
 
7.2.1 Dynamic Measurements 
 
7.2.1.1 Dynamic Strain Sweep (DSS) Test 
 
DSS measurements were performed to evaluate the limit of linear viscoelastic region, i.e. 
the maximum frequency magnitude at which the samples exhibited linear viscoelasticity. 
The frequency and strain range of the tests were set at ω=1 rad/sec and γ=1-200. A steady 
transformation from linear to non-linear behaviour occurred at strain ~ 10; hence, in order 
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to calculate the damping functions of the samples, the non-linear stress relaxation 
measurements were conducted at strain magnitudes above 10. 
 
7.2.1.2 Dynamic Frequency Sweep (DFS) Tests 
 
Low amplitude (γ<10) DFS measurements were used to evaluate the linear viscoelastic 
behaviour of the samples. Fig. 7.1a displays the storage and loss moduli (vs. frequency) of 
the samples. The values of crossover points of loss and storage moduli are shown in Table 
7.2. The characteristic relaxation times of samples were measured as the inverse of the 
crossover frequencies [104]. The results show that a moderate increase occurred in the 
magnitude of the crossover point indicating that the characteristic relaxation times of 
composites gradually dropped as the NGP concentration increased. To further investigate 
the effect of NGPs on the most sensitive dynamic rheological parameters, low-frequency 
small amplitude shear behaviour of storage modulus of samples was displayed in Fig. 7.1b.  
Neat PLA and PLA01 demonstrate the existence of terminal behaviour  12 )(",)('   GG  
while PLA02 and PLA03 both exhibit nonterminal behaviour. This nonterminal behaviour 
is a characteristic of viscoelastic solids and it occurs due to the relaxation of stress to an 
equilibrium value (σe) rather than relaxing to zero. According to Wang et al. (2006), this 
solid-like elastic response is a typical indication of physical gelation and the existence of a 
long relaxation time [230]. In studies conducted by Krishnamoorti et al. (1996) and 
Krishnamoorti and Giannelis (1997), the occurrence of solid-like behaviour in end-tethered 
polymer-layered silicate nanocomposites was attributed to the lack of complete relaxation 
of confined polymer chains due to the inclusion of silicate layers, whereas when the end of 
polymer chains are not chemically bounded to silicate layers, the occurrence of terminal 
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behaviour became evident [227, 230, 231]. In different studies conducted on multi-walled 
carbon nanotube (MWNT)/polycarbonate nanocomposites, the low-frequency solid-like 
behaviour (≥2 wt%) was ascribed to the domination and formation of interconnected 
structure of MWNTs at terminal region as a result of the evaluation of gelation point at 
about 1.6 wt% MWNT filler content [135, 232].  
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Fig. 7.1: Frequency dependence of storage and loss moduli of samples in linear 
viscoelastic region at T= 150 °C. (a): The entire frequency range, (b): The low-frequency 
(terminal) region. 
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Table 7.2. Crossover points of the dynamic moduli and their resulting characteristic 
relaxation times. 
Sample Code Crossover Point (rad/s) 
Characteristic 
Relaxation Time(s) 
neat PLA 57.5 1.74E-02 
PLA01 60.3 1.66E-02 
PLA02 63.1 1.58E-02 
PLA03 63.6 1.57E-02 
 
 
This behaviour was also observed in the relaxation spectrum of the samples when notable 
difference was detected at long relaxation times (Fig. 7.2). In general, the translation of 
storage and loss moduli into the discrete relaxation spectrum can occur through a non-
linear minimization procedure where the linear viscoelastic function is fitted into a 
generalized Maxwell model [216]. Fig. 7.2 shows that the relaxation spectrum of the 
samples were slightly increased as the filler contents were raised from 1 to 3 wt%. It also 
displays that the occurrence of the solid-like plateaus were only evident in PLA02 and 
PLA03. To further investigate the effects of nanofillers on the storage modulus and 
relaxation time spectrum of polymer matrix, it is essential to study the rheological 
simulation works conducted on polymer composites.  
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Fig. 7.2: Linear relaxation spectrum of samples evaluated from dynamic frequency sweep 
test results (T=150 °C) via TA-Orchestrator software. 
The rheological response of pure polymers (e.g. neat PLA) follows Rouse behaviour when 
for a polymer with p values of index (Np = chain length or degree of polymerization), 
Rouse polymer’s storage modulus is divided into three distinct regimes based on their 
monomeric relaxation times (λ0) and the longest Rouse relaxation time (λ R) [155, 233]. 
The relaxation time for each value of index (λ p) is defined as: 
2
022
0
22
6
p
p
p N
kTp
Nb



 
                             (7.1)
 
Where, b is the statistical segment length and ζ0 is the monomeric friction coefficient. 
Therefore, the longest Rouse relaxation time (corresponding to p=1) is defined as [147]: 
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The absence of relaxation process in )(' G of all samples at the highest frequency ( 
1
0
  ) is demonstrated as plateau (plateau modulus, 0NG ) in that region, while at 
intermediate frequency region ( 10
1   N ) the storage modulus is an indication of 
Rouse relaxation spectrum of the pure polymer through 
2/1' )(  G . Furthermore, the 
terminal region which occurs at 1 N  leads to the terminal relaxation behaviour (
2' ~)( G ) in pure polymers. However, the shift in relaxation behaviour from Rouse-like 
(terminal or liquid-like) behaviour to solid-like relaxation )5.0,~)('( wG  in 
terminal region is expected to occur in polymer nanocomposites (PNCs) with elevated 
amounts of filler content. Hence, the influence of nanoparticles on the rheological 
characteristics of polymer matrix could be reflected as qualitative (shape) and/or 
quantitative (magnitude) changes in the most sensitive dynamic shear rheological 
measurement, i.e. storage modulus. Therefore, the qualitative behaviour of the loss tangent 
( '/"tan GG ) of neat polymers )0~tan,0~(tan   asas is also 
expected to show deviation from PNCs through the adoption of a positive slope at the 
terminal (low frequency) region which denotes the occurrence of the transition from 
Rouse-like to solid-like behaviour in PNCs. Pryamitsyn and Ganesan (2005) explained the 
qualitative and quantitative changes in PNCs rheological behaviour by differentiating 
between the low and high  particle loading behaviours in terms of equilibrium dynamics of 
relaxation spectra of normal modes (Xp(t)) in unperturbed Rouse polymer [155, 234-236]: 
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Where, p is the mode index  pNp 1  and Ri(t) embodies the segment i position at time 
t while the relaxation of the normal modes is indicated by: 
)/exp()0().( Rppp tXtX                       (7.4)
 
Where, 
R
p  stands for the relaxation time spectrum of pure polymers (Rouse polymers) as 
a function of p [155, 236]. The incorporation of low concentration nanofillers could affect 
the relaxation of the normal modes )0().( pp XtX   of pure polymers by either modifying 
the relaxation time spectrum of Rouse polymer ( p
R
p   ) of all chains (“homogenous” 
dynamics) or through alteration of the relaxation of normal modes in a way that their decay 
cannot fit into a simple exponential model, i.e. via the application of multiple or/and 
stretched exponential decay forms (“heterogeneous” dynamics). Therefore, the absence of 
significant qualitative (shape) changes in both relaxation spectrum and storage modulus of 
PLA01 may suggests that the network formation by few chains may not be responsible for 
the observation of moderate quantitative (magnitude) increase in those properties; hence, 
the dominance of Rouse spectrum of this PNC (PLA01) remains intact. On the other hand, 
the concentration-dependent quantitative (magnitude) changes in longest relaxation times 
of PLA01 (Fig. 7.2) could be due to the lowered mobility of the segments near the particle 
surface (within the longest relaxation time of the polymer) which leads to an increase in 
the longest relaxation time of the polymer, i.e. retardation of the total dynamics of polymer 
segments. Smith et al. (2003) attributes this reduction to a minor increase (owing to 
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incompressibility of polymer melts) in polymer local density as a result of the rise in glass 
transition temperature near the solid surface [237]. Overall, the effect of low filler content 
on polymer matrix could be attributed to either the retardation of polymer segments next to 
particle-polymer interface which results into the increase of storage modulus and alteration 
of relaxation spectrum, or the distortion of the strain field surrounding the particles caused 
by the existence of rigid inclusions via initiating filler content and frequency dependent 
enhancements of storage modulus at high frequency regions (ω > 1) [234].   
Regarding the higher filler content samples (PLA02, PLA03), the dynamical effect of 
particles on PLA matrix is evident in almost all chains through the formation of a 
homogenous effect due to high availability of particles. These effects are also manifested 
in the same distinct methods: quantitatively; i.e. uniform retardation of the fast relaxation 
modes (large p) leading to the enhancement of short relaxation times and qualitatively; i.e. 
deviation from Rouse relaxation spectrum at slow relaxation modes (small p) as well as 
mode dependent increase of long relaxation time. This is attributed to the assumption that 
due to excessive particle-induced effects on the segments’ dynamics at high filler contents, 
the particles could be turned into entanglements with loading dependent and Np 
independent average entanglement lengths [234].  Particles-induced stress mechanism is 
the governing factor behind the rheological changes of polymers nanocomposites with 
high filler contents where the “jamming of particles” increases the modulus, i.e. particle’s 
rotational or translational dynamics are retarded to a time-scale cage-opening process 
where the particle dynamics become frozen in the time interval between the equilibrium 
within the cage and escaping from the cage [234, 238, 239]. The morphology of nanofillers 
also plays a crucial role in the jamming effect, whence anisotropic particles (e.g. platelets, 
fibres, etc.) in comparison with isotropic fillers (e.g. spherical particles), require 
considerably lower loadings to generate similar jamming effect in polymeric matrix [155, 
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240]. Alternatively,  Mason and Weitz (1995) as well as Kobelev and Schweizer (2005) 
attributed this enhancement of storage modulus (elasticity) to the rise of thermal energy 
due to the localization of the particle in a cage, irrespective of polymer chain length (Np) 
and other matrix fluid properties [238, 241]. Briefly, in high filler contents PNCs, a 
combination of particle induced-effects and jamming effects determine the elastic 
enhancements of the polymers, whereas the former, along with the dominance of the 
viscoelastic response by transient network mechanism are the main contributor to such 
enhancements at low particle loadings. Pryamitsyn and Ganesan (2005) summarised these 
contributions into three distinct categories: (i) the modification of relaxation spectrum and 
dynamics through the particle induced effects on polymer segments, (ii) extensive 
enhancements of polymer’s elasticity and relaxation times as a result of particle jamming 
effect and finally, (iii) the modification of the overall modulus of composites caused by the 
distortion of strain field due to the presence of rigid inclusions [234].  
Overall, the solid-like response of PLA02 and PLA03 could be due to the higher physical 
contact of platelets and their subsequent formation of network structure of NGPs leading to 
longer time scale response of these composites at terminal region. However, this 
conjecture could be further examined through the evaluation of the independence of 
temperature shift factors, i.e. aT in time temperature superposition, from filler contents, 
indicating that the mobility of polymer chains are not restrained by NGP fillers [230]. 
Furthermore, the absence of noteworthy alterations in glass transition temperature of 
PLA/NGP composites (up to 10 wt%  loading) [196] could further signify that the addition 
of NGPs within PLA matrix may not influence the PLA chain mobility. 
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7.2.2 Stress Relaxation Experiment 
 
The shear damping function of samples, i.e. h(γ), was evaluated through computing the 
vertical shifts required to superpose the relaxation curves on double-logarithmic plots of 
relaxation modulus versus time for both linear and nonlinear strain regions (Eq. 2.23). The 
value of damping function commenced from unity in linear viscoelastic strain region and 
gradually decreased into the nonlinear region. Fig. 7.3 demonstrates the time-strain 
superposition of relaxation modulus of neat PLA both within and out of the linear 
viscoelastic region. This figure shows a plot of relaxation modulus versus time at strain 
range 0.1-40. The application of time-strain separability leads to the presence of distinct 
strain-dependent (t=0.01-0.2 s) and time-dependent (t = 0.2-1000 s) regions. The time-
strain separability occurred at  t~0.2 s which is in agreement with previous studies 
conducted on polypropylene/layered silicate and  polystyrene/diethylphthalate solutions  
where the time-dependency was evident over a broad and complex time range [105, 242]. 
Comparable observations were recorded for PLA01-PLA03 composites where the time-
strain superposition curves were utilized to measure the shear damping function of the 
composites. Fig. 7.4 displays the shear damping functions of neat PLA and composites 
calculated by utilizing Eq. 2.23. The initial values of parameter α were measured at this 
stage to be substituted in K-BKZ constitutive equation as the first guess to evaluate the 
best fit for the strain hardening region of the curves. The final values of parameter α are 
presented in Table 7.6 along with the material parameter β which will be discussed in the 
forthcoming sections of this chapter.  In comparison with neat PLA, PNCs displayed a 
moderate drop in their material parameter α while the large magnitude of parameter α of 
all samples was indicative of the notable strength of the stain hardening behaviour of PLA 
matrix. The value of parameter α manifested an inverse relationship with the loading 
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fraction of PNCs where the strength of strain hardening behaviour declined as the amount 
of NGP filler contents was elevated.  
 
 
 
Fig. 7.3: Evaluation of linear and non-linear relaxation moduli of neat PLA via stress-
relaxation test at different step shear strain (γ). 
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Fig. 7.4: Determination of shear damping function of the samples and computational 
evaluation of first guess of parameter α. 
As mentioned earlier, the extent and intensity of the strain hardening behaviour are directly 
influenced by the intrinsic properties of polymeric systems (i.e. branch content, width of 
relaxation time distribution, number of segments (chain length) and molecular weight 
distribution), along with the testing conditions (i.e. temperature and Hencky strain rate). 
Moreover, the intensity of this polymeric phenomenon could be denoted by the magnitude 
of the material parameter α in extensional rheology, i.e. higher values of α signify the 
occurrence of more pronounced strain hardening behaviours (refer to the theoretical 
background). Therefore, the loading-dependent progressive decline in parameter α of 
PLA01-03 could demonstrate the detrimental impact of NGP fillers on PLA’s extensional 
rheological properties. Besides, Pasanovic-Zujo et al. (2004) reported comparable 
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correlations on the extensional rheology of Ethylene-Vinyl Acetate (EVA) and organically 
modified bentonite nanocomposites [103].  
Kasehagen and Macosko (1998) reported that the strain hardening behaviour is related to 
the longest relaxation time  and the rate of deformation (Hencky rate), i.e. the strain 
hardening behaviour is only viable when the longest relaxation time is greater than the 
inverse of Hencky strain rate or 
max
1

 

 [151]. Hence, the prediction of strain hardening 
behaviour through K-BKZ constitutive equation can only be viable when this relationship 
is satisfied. Therefore, in order to examine the likelihood of the occurrence of a 
rheologically feasible strain hardening through this correlation, it is required to determine 
the maximum relaxation time of the samples. According to Winter and Chambon [132, 
133], the simple relaxation behaviour of the critical gels is followed by a power law 
relaxation modulus, where, S (gel stiffness) and n (relaxation exponent) are the 
characteristics of the critical gel while λ denotes the relaxation time: 
nSttG )(           For    t0                                                      (7.5) 
The longest relaxation time (λmax) diverges to infinity from the liquid region to the liquid-
solid transition (LST) region. Beyond the LST, where the material shows solid-like 
behaviour, the relaxation modulus demonstrates finite values at long relaxation times. This 
finite modulus is called equilibrium modulus (Ge) and has the following mathematical 
definition: 
)(lim tGG
t
e

                                            (7.6) 
The value of Ge can be estimated from the relaxation modulus chart and is greater than 
zero only beyond the gel point. The magnitude of the longest relaxation time or the 
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characteristic time (λmax) can be determined at the intersection between Ge and nSttG )(  
which is also the intersection of the power law region and the linear (horizontal) section of 
the plots [134]: 
n
e
t
n
e
S
G
StG
/1
maxmax
)(









                       (7.7) 
Table 7.3 displays the computed relaxation time and strength values of the samples using 
generalized Maxwell model from stress-relaxation data at T=150 °C. The values of 
equilibrium modulus, gel stiffness and relaxation exponent of samples were evaluated by 
plotting the data of Table 7.3 in double-logarithmic charts in order to evaluate the trendline 
equations in power law regions and their intersections with prospective plateau moduli 
(Ge). Table 7.4 shows the calculated values of S and n from Eq. 7.5, Ge from Eq. 7.6 and 
λmax from Eq. 7.7. The finite λmax only existed in PLA02 and PLA03 samples where the 
inverse of their longest relaxation times equate 0.03 and 0.05 s
-1
, respectively. 
Accordingly, the magnitude of the inverse of the longest relaxation times of samples are 
less than the minimum Hencky strain rate (0.1 s
-1
) applied in this study; hence, the 
feasibility of the occurrence and predictability of strain hardening behaviour at T=150 °C 
could be verified from the rheological standpoint.  
 
 
 
 
 
P a g e  | 155 
 
Table 7.3. Relaxation strengths and relaxation times of samples calculated from stress-
relaxation tests utilizing generalized Maxwell model at T=150 °C. 
neat PLA PLA01 PLA02 PLA03 
λi (s) Gi (Pa) λi (s) Gi (Pa) λi (s) Gi (Pa) λi (s) Gi (Pa) 
0.01 9.24E+04 0.01 8.66E+04 0.01 1.00E+05 0.01 9.74E+04 
0.02 5.50E+04 0.01 5.48E+04 0.02 6.10E+04 0.02 5.98E+04 
0.02 3.52E+04 0.02 3.78E+04 0.02 4.13E+04 0.02 4.03E+04 
0.03 2.33E+04 0.03 2.71E+04 0.04 2.92E+04 0.04 2.83E+04 
0.05 1.55E+04 0.05 1.92E+04 0.06 2.01E+04 0.06 1.93E+04 
0.08 1.01E+04 0.07 1.30E+04 0.09 1.28E+04 0.09 1.23E+04 
0.12 6.22E+03 0.11 8.09E+03 0.15 7.19E+03 0.13 7.04E+03 
0.18 3.62E+03 0.17 4.65E+03 0.23 3.59E+03 0.20 3.63E+03 
0.27 1.96E+03 0.25 2.48E+03 0.35 1.62E+03 0.32 1.71E+03 
0.41 9.95E+02 0.37 1.24E+03 0.55 6.78E+02 0.49 7.51E+02 
0.62 4.76E+02 0.56 5.87E+02 0.86 2.66E+02 0.75 3.11E+02 
0.93 2.17E+02 0.84 2.61E+02 1.35 9.93E+01 1.15 1.23E+02 
1.40 9.47E+01 1.25 1.11E+02 2.11 3.54E+01 1.77 4.65E+01 
2.12 3.99E+01 1.87 4.61E+01 3.30 1.20E+01 2.73 1.66E+01 
3.20 1.62E+01 2.79 1.94E+01 5.15 3.74E+00 4.20 5.47E+00 
4.83 6.35E+00 4.18 8.19E+00 8.04 1.03E+00 6.46 1.64E+00 
7.30 2.35E+00 6.25 3.32E+00 12.56 2.31E-01 9.95 5.12E-01 
11.02 7.99E-01 9.34 1.24E+00 19.62 4.72E-02 15.32 2.68E-01 
16.64 2.17E-01 13.97 4.01E-01 30.64 3.53E-02 23.59 2.44E-01 
25.12 8.17E-03 20.89 7.80E-02 47.86 5.23E-02 36.31 2.44E-01 
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Table 7.4. Evaluated values of longest relaxation time, relaxation exponent, gel strength 
and the inverse of longest relaxation time of samples calculated from data in Table 7.3 via 
utilizing Eqs. 7.5-7.7. 
 
Sample Code 
 
neat 
PLA 
PLA01 PLA02 PLA03 
Ge (Pa) 0 0 0.04 0.24 
  
    λmax (s) - - 34.0 18.6 
  
    
1/λmax (s
-1
) - - 0.03 0.05 
  
    S (Pa s
n
) 119.1 124.2 122.7 108.6 
  
    n 1.9 2.1 2.3 2.1 
 
 
The strain hardening behaviour has also been associated with polydispersity, presence of 
branching, strain induced crystallization (or readily crystallization) and flow dynamics of 
polymers [16, 243, 244]. However, the intensity of strain hardening behaviour (magnitude 
of α) and the effects of nanofillers on this behaviour have not been thoroughly examined in 
past studies.  Sinha Ray (2006) proposed a direct relationship between shear and 
extensional rheology of polymer melts where the occurrence of “time-thickening” 
behaviour at comparable shear and Hencky rates could be exhibited as rheopexy and strain 
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hardening behaviours, although at different times [106]. Therefore, it could be adequate to 
correlate between the effects of nanofillers on steady and extensional rheological 
properties of polymer composites. Although the steady shear rheology measurements are 
performed at progressive shear rates, the shear thinning behaviour of polymeric systems 
could be inversely linked to strain hardening behaviours in extensional rheology, i.e. the 
faster and more pronounced shear thinning viscosity could correspond to a less 
accentuated strain hardening (smaller parameter α) behaviours. Macosko (1994) and Laun 
and Schuch (1989) mentioned that the correlation between the level of shear thinning and 
the magnitude of strain hardening behaviour could exist to some extent, yet, the 
interrelation between these two non-linear behaviours may not be strongly reliable [104, 
245]. Therefore, owing to the presence of a broad rheological knowledge gap in the 
molecular level understanding of extensional melt rheology of polymeric systems, it could 
be rational to reach an explanation for their strain hardening behaviour through the 
relationship between strain hardening and shear thinning characteristics based on the 
previously mentioned premises. Prior to the evolution of computer simulation techniques 
for investigation of rheological properties of polymers, there have been few theories 
explaining the faster and more pronounced shear thinning behaviour of polymer 
composites compared to their neat polymer counterparts. In brief, the existence of 
enhanced shear rates in the gaps between filler particles along with the formation of 
colloidal particles as a result of agglomeration of fillers (denoted as yield stress) were 
associated with more pronounced shear thinning behaviour of PNCs [164, 167-171]. 
However, Pryamitsyn and Ganesan (2005 and 2006) investigated these aspects through an 
exhaustive computer simulation of PNCs to reveal the governing elements responsible for 
these rheological alterations [154, 234]. They reported that the major slow-down of 
polymer dynamics in nanocomposites could be due to the formation of transient polymer 
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networks caused by the polymer-particle frictional interactions of nanofiller (serving as 
nodes). The increase in those nodes of immobilization within polymeric matrix may 
function as “entanglements”   and subsequently brings about an escalation in the elastic 
modulus and the macroscopic viscosity (shear and extensional) of the polymeric systems. 
Moreover, this rise in the number of entanglements could potentially lead to escalations in 
relaxation times governing the onset of shear thinning behaviour [154, 155]. Overall, these 
alterations of shear thinning associated relaxation times could induce faster shear thinning 
and conceivably weaker strain hardening behaviours in PNCs compared to neat polymers.  
7.2.3 Extensional Viscosity  
 
7.2.3.1 Strain Hardening Behaviour  
 
The study of extensional flow characterization of PLA composites has not been 
sufficiently researched, partly due to limited number of polymer research centres where 
adequate rheological analysis expertise of PNCs and instrumental availabilities (e.g. RME, 
SER-2 or EVF etc.) have been conjoined. Thus far, Sinha Ray and Okamoto (2003) 
conducted the only published research on the extensional behaviour of PLA composite 
where high-molecular weight PLA (D content of 1.1–1.7% produced by Cargill-Dow 
method) and 3 wt% organically modified layered silicates (C18-MMT5) composites 
underwent elongational testing at 170 °C through RME [116]. Remarkably, they were 
unable to report the elongational viscosity of pure PLA and they attributed it to very low 
shear viscosity of their samples at 170 °C, which was lower than the viscosity range of 
their instrument (>10
-4
 Pa.s
-1
). Although they slightly increased polydispersity and 
molecular weight of their neat PLA (compared to PLA/C18-MMT5), they reported that 
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neither strain-induced hardening in extensional flow nor rheopexy in shear flow occurred 
in their pure PLA. However, the occurrence of strain hardening behaviour was observed in 
their composites (PLA/C18-MMT5) at strain rates of 0.01-1s
-1
 at 170 °C. Their research 
findings also confirmed that Trouton rule (refer to the theoretical background section) was 
only satisfied for their pure PLA samples while it failed for PLA/C18-MMT5. Comparable 
observation was also reported by Okamoto et al. (2001) for polypropylene/OMLS at 150 
°C where strain hardening behaviour was only observed in composites while Trouton rule 
was merely applicable to neat polymer [218]. The up-rising time (tηE) of PLA/C18-MMT5 
showed a direct dependence on Hencky rate (

 ), i.e. total Hencky strain at tηE showed a 
systematic upsurge at increased 

 . Fig. 7.5 illustrates the extensional viscosity of the 
samples versus their elongation time at Hencky rates 0.1, 0.5 and 1 s
-1
.   
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Fig. 7.5:  Extensional viscosity growth of samples under transient extensional viscosity 
tests at different Hencky strain rates, a: 0.1 s
-1
, b: 0.5 s
-1
 and c: 1 s
-1 
(T=150 °C).  
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The results did not express a considerable variation between neat PLA and its composites 
at different Hencky rates. The samples demonstrated a pronounced manifestation of strain 
hardening behaviour at all Hencky rates while the occurrence time of strain hardening 
behaviour (tηE) was highly dependent on the scale of Hencky rate. Fig. 7.6 demonstrates 
the dependence of up-rising time Hencky strain (
Et
t
E
  

) on Hencky strain rate.  The 
magnitude of 
E
t
 for all samples remained constant at Hencky rates of 0.1 and 0.5 s-1 
while no conspicuous difference between neat PLA and PNCs was observed. However, a 
conspicuous upsurge in 
E
t
 was detected when the Hencky rate was increased from 0.5 to 
1 s
-1
. These elongational-induced structural developments at higher Hencky rates will be 
meticulously discussed in terms of macromolecular characteristics of PNCs in the 
forthcoming sections of this chapter. Moreover, the exhibition of matching behaviours 
between PNCs and neat PLA in Fig. 6 could be an indication of the lack of robust NGP 
fillers effect on the elongational strain hardening behaviour of samples at T=150 °C. The 
absence of considerable deviations in extensional behaviour between neat PLA and PNCs 
was consistent with the intermediate and high frequency regions of dynamic shear 
rheological results at the same temperature (Figs. 7.1a and 7.2).  This resemblance of 
extensional behaviour (between PLA and its PNCs) could be attributed to the independent 
dispersion of nanofillers within polymeric matrix as well as the dispersion’s direct 
relationship with the testing temperature. Although the extensional tests were performed at 
the melting temperature of PLA, the dispersion of NGP nanofillers might have not been 
enhanced at this temperature and the fillers behaved as isolated islands of agglomerates 
within the neat PLA matrix without significant influence on the extensional deformation of 
the PNCs. Nevertheless, this subject will be further investigated in relation to the material 
parameters and macromolecular structure of the samples in the following sections.  
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Fig. 7.6:  Up-rising Hencky strain’s dependence on Hencky rate at T=150 °C.  
The occurrence of the strain hardening behaviour of neat PLA has been reported in few 
studies. Palade et al. (2001) demonstrated this behaviour at Hencky rate of 0.1 s
-1
 and 
temperature of 180 °C in uniaxial extensional measurements of PLLA while Yamaneet al. 
(2004) observed biaxial strain hardening behaviour at extensional rates of 0.1–0.006 s-1 for 
poly(L-lactide) (PLLA) and PLLA/PDLA [poly(D-lactide)] blends at 190 °C [16, 109, 
115]. Othman et al (2011) attributed those reported strain hardening behaviours to readily 
crystallizability of their PLA (100%L or 100%D homopolymer) as well as the application 
of testing temperatures well beyond Tm  which led to significant influence of flow 
dynamics on the strain hardening of pure PLA. Alternatively, different studies conducted 
on linear commercial poly (methyl methacrylate) (PMMA) and dendritic PMMA attributed 
the observed strain hardening behaviour to wide polydispersity and presence of branching 
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of these polymeric systems [16]. However, Othman et al. (2011) conducted their study at 
controlled temperatures of 90, 110 and 130 °C to prevent the sagging effect in SER-2 
fixture [70] of their MCR 501 rheometer. Those temperatures were close to the glass 
transition temperature of their PLA samples (50:50 L and D, 165.60 10
3
 Mw) which 
ensured the viscosities of their samples remained sufficiently high during extensional 
testings. They reported the existence of strain hardening behaviour only at extensional 
temperatures of 90 and 110 °C and Hencky strain rates of 1 and 10 s
-1
 merely. 
Furthermore, they conjectured that due to the absence of demonstration of profound 
crystallinity or any supermolecular structure in their samples via differential scanning 
calorimetry (DSC) and X-ray diffraction (XRD) techniques, the strain hardening behaviour 
was exclusively a result of the flow dynamics of PLA [16]. Accordingly, due to lack of 
supermolecular structure and major crystallinity within the neat PLA and PNCs of this 
study via Raman spectroscopy, DSC and XRD [4, 196], it could be speculated that the 
exhibited strain hardening behaviour might be merely due to the flow dynamics and 
entanglements formation of the PLA matrix of this study. Fig. 7.5c displays the occurrence 
of minuscule dips prior to the commencement of the strain hardening behaviour for all 
samples at Hencky rate of 1 s
-1
 only. This observation will be further discussed in the 
forthcoming sections of this chapter.  
 
7.2.3.2 Trouton Ratio 
 
Trouton ratio (Eq. 2.14) is the ratio between transient extensional viscosities and transient 
shear viscosity when it is around three for Newtonian fluids and polymer melts. Prior to 
the evaluation of Trouton ratio of samples, their shear viscosities were measured through 
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steady rate sweep (SRS) test by an ARES rheometer at T=150 °C. Fig. 7.7 illustrates the 
steady shear viscosity of samples as a function of shear rate on a double logarithmic scale. 
All samples exhibited the occurrence of a zero-shear viscosity plateau at very low shear 
rates (~ 10
-2
 s
-1
) in addition to a shear thinning behaviour at higher shear rates (> 10
-1
 s
-1
). 
Zero-shear viscosity and other rheological parameters of the samples were obtained from 
the Carreau-Yasuda model through the TA-Orchestrator software.  Table 7.5 displays the 
experimentally evaluated Trouton ratios of the samples at different Hencky strain rates and 
their average values for each sample. Although the Trouton ratios were in the vicinity of 
three, they presented a mild increase for 3 wt% filler content. Kagarise et al. (2011) 
attributed this increasing departure of Trouton ratio to the incorporation of anisotropic 
nanofillers along with the dissimilarity in fillers orientation developed during extensional 
and shear flows [246]. On the other hand, the magnitude of Hencky strain rate also 
demonstrated impacts on Trouton ratio through having inverse correlations with the linear 
viscoelastic envelope’s extensional viscosities (ηLVE). These comparative drops in ηLVE at 
higher Hencky rates are reminiscent of the shear thinning behaviour of polymeric systems 
following the zero-shear viscosity region at higher shear rates. The detected extensional 
thinning behaviours in linear viscoelastic envelop might be ascribed to the effect of 
alteration of relaxation dynamics of polymer chains due to their reorientation at higher 
Hencky rates. Nonetheless, a meticulous analysis of such behaviour could only be feasible 
through transient Hencky strain rate investigation of polymeric systems when the 
appropriate instrument becomes available.  
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Table 7.5. Evaluation of Trouton ratio (Eq. 2.14) through experimentally measures values 
of linear viscoelastic envelope and zero shear viscosities of samples (T= 150 °C). 
Sample 
Code 
Hencky 
Rate (έ) s-1 
Zero 
Shear 
Viscosity 
η0 (Pas) 
ηE at 
LVE 
(Pas) 
Trouton 
ratio (ηE / 
η0) 
Average 
Trouton 
ratio  
neat PLA 
0.1 
1.15E+04 
4.80E+04 4.2E+00 
3.4 0.5 3.85E+04 3.3E+00 
1 3.03E+04 2.6E+00 
PLA01 
0.1 
1.23E+04 
3.68E+04 3.0E+00 
3.3 0.5 4.13E+04 3.4E+00 
1 5.00E-03 3.7E+00 
PLA02 
0.1 
1.15E+04 
4.78E+04 4.2E+00 
3.4 0.5 3.78E+04 3.3E+00 
1 3.18E+04 2.8E+00 
PLA03 
0.1 
1.19E+04 
5.28E+04 4.4E+00 
3.7 0.5 4.12E+04 3.5E+00 
1 3.72E+04 3.1E+00 
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Fig. 7.7:  Steady shear viscosity of samples as a function of shear rate at T=150 °C.  
 
7.2.3.3 K-BKZ Modelling 
 
Fig. 7.8 demonstrates the application of K-BKZ constitutive model (Eq. 2.27) on 
experimental extensional results of samples. The model was evaluated by means of 
PSMLT damping functions (Eq. 2.24) of neat PLA and PLA01-03 discretely; where the 
first estimated value of parameter α was the calculated α of the shear damping function 
(Eq. 2.23). The material parameter β signifies the prevalence of the steady state 
extensional behaviour at longer elongation times. Thorough understanding of parameter β 
is only conceivable through reaching the plateau region subsequent to the strain hardening 
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flow in extensional rheology. Meissner and co-workers (1979) defined this plateau as a 
maximum level, whence a decrease in extensional viscosity could occur at very high 
Hencky strains. They postulated that there could be a steady state decrease in extensional 
viscosity following this plateau region. However, they failed to approach that conjectured 
steady state even after stretching LDPE melts to a thousandfold over its initial length 
[247]. Therefore, the conventional RME units with limited number of elongation folds, i.e. 
up to sevenfold of initial length of specimens [178], were found to be incapable of 
demonstrating the steady state viscosity, given they could barely exhibit the plateau region 
within their elongational limit. Overall, the prospect of attaining steady state in non-linear 
extensional flow is insignificant even if the plateau region is achieved at persistently 
longer times, which suggests that, the processing applications of steady extensional flow 
could be impractical. Even though neither plateau region nor steady state behaviour was 
obtained in this study, the model still suggests that such behaviour could occur at extensive 
elongation times. Neat PLA, PLA01 and PLA02 exhibited satisfactory agreement with K-
BKZ model, yet PLA03 did not conform well into this model. The comparative deviation 
of elongational behaviour of PLA03 from K-BKZ model might suggest that the 
incorporation of NGP platelets into the PLA matrix has an extensional rheological 
percolation threshold of 2 wt%.   
According to Papanastasiou et al. (1983), Isaki and Takahashi (2003) and Kasehagen and 
Macosko (1998), the magnitude of parameter α increases with increasing the branch 
content and it is related to the width of relaxation time distribution branching and 
molecular weight distribution (MWD) [123, 127, 151]. Therefore, the strength of the strain 
hardening characteristic of the polymeric systems has a direct relationship with the value 
of α. On the other hand, the value of material parameter β has an inverse correlation with 
that characteristic, i.e. the smaller the parameter β is, the more pronounced the strain 
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hardening behaviour could be [127]. The findings of this study suggest that the 
diminishing values of α due to the addition of NGP fillers to the PLA matrix could result 
in gradual decrease in the strength of the strain hardening behaviour of PLA/NGP 
composites. Table 7.6 indicate that there have been direct correlations between parameter 
β and Hencky strain rates whereby 102-104 fold increases were observed in the magnitude 
of parameter β when Hencky rates were escalated from 0.1-1 s-1. This observation is in 
accordance with the demonstration of the relationship between the applied Hencky rates 
and the strength of extensional thickening behaviour in Fig. 7.5a-c. The noteworthy 
deviation of extensional viscosity of the composites at elevated level of filler contents (> 2 
wt%) from K-BKZ model may also be attributed to the adverse impact of the incorporation 
of plate-like nanofillers (e.g. NGP) on the extensional deformation of nanocomposites.  
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Fig. 7.8:  Extensional viscosity growth predicted via PSMLT damping function version of 
K-BKZ extensional model at different Hencky rates (T= 150 °C). 
Overall, the enhanced shear rheological, mechanical, electrical and thermal properties [4, 
196, 248, 249] as well as the enhanced barrier properties of PLA/NGP composites will be 
compromised with the detrimental effects of nanographite platelets on the elongational 
properties, should the extensional applications be required. 
 
 
P a g e  | 170 
 
Table 7.6. Evaluation of material parameters of extensional viscosity growth through 
PSMLT damping function version of K-BKZ extensional model at different Hencky rates 
(T= 150 °C). 
Sample 
Code 
Hencky 
Rate (έ) s-1 
Parameter 
β 
Parameter 
α 
neat PLA 
0.1 3.0E-06 
385 0.5 7.0E-04 
1 1.5E-02 
PLA01 
0.1 2.2E-03 
349 0.5 1.0E-03 
1 1.2E-02 
PLA02 
0.1 3.0E-05 
323 0.5 1.0E-05 
1 1.5E-02 
PLA03 
0.1 3.0E-05 
294 0.5 6.0E-04 
1 1.5E-02 
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7.2.3.4 Macromolecular Behaviour of Polymeric Systems under Extensional Deformation 
 
The onset of stain hardening behaviour is related to the structural changes of 
macromolecular networks of polymers. Micic and Bhattacharya (2000) defined the critical 
strain, i.e. Hencky strain at uprising time, as the strain at which the formation of a new 
effective structural rise in intermolecular interactions of polymer matrix commences [250]. 
Therefore, the strain hardening behaviour could denote the intensification of the number 
and/or the efficiency of entanglements formation between the chains of macromolecules 
within the polymeric matrices. On the other hand, the critical strain could establish the 
adequate level of stretching of macromolecular chains to reach sufficient overlapping to 
form new entanglements and consequently exhibit an increased extensional viscosity 
known as strain hardening behaviour. There are two impeding elements involved with the 
formation of entanglements between macromolecules; i.e. large trapped free volumes 
inside molecular chains and the influence of Brownian thermal motion.  
The Brownian motion is the tendency to return macromolecules to their equilibrium 
configuration after being subjected to deformations, hence, this phenomenon could explain 
the absence of the deviation from linear viscoelastic envelope extensional viscosity (ηLVE) 
at low Hencky rates [147].  However, the presence of free volumes within polymer chains 
could hinder the formation of new entanglements through reduced contact surface, 
ineffective overlapping and lowered accessibility of different segments of polymer chains. 
Thus, the observed inverse relationship between the magnitude of ηLVE and Hencky rate 
(Table 7.5) could be due to the shorter overlapping time of macromolecules during 
elongational flow, which subsequently leads to the formation of fewer entanglements and 
lower resistance to the extensional deformation. The same conjecture may also explain the 
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dependence of critical strain (Hencky strain at uprising time) on the Hencky rate larger 
than 0.5 s
-1
 as depicted in Fig. 7.6. The significant increase in the critical strain at the 
highest Hencky rate (1 s
-1
) could be due to the required longer level of stretching of 
polymeric chains to form adequate entanglements to outweigh the opposing effects of 
Brownian motion along with the presence of free volumes against the occurrence of the 
strain hardening behaviour. Alternatively, the manifestation of viscosity dips instantly 
prior to the onset of strain hardening behaviours in all samples at Hencky rate 1 s
-1
 (Fig. 
7.5c) could signify the separation of polymer response to “high elastic” and “viscous” 
components in extensional deformation [250]. The later component could lead to 
extensional strain softening characteristic while the sequential concurrence of those 
viscosity behaviours, i.e. extensional thinning followed by strain hardening, at higher 
Hencky rates could indicate the counterbalance of the combination of the Brownian 
motion and free volumes on the one hand and the formation of sufficient entanglements as 
a result of overlapping of polymer chains on the other hand. The dips could thus be 
characterized as the net result of simultaneous occurrence of strain softening and strain 
hardening (viscous and elastic) components of elongational deformation. This observation 
is indicative of the time and rate dependent properties of the elastic component and rate 
dependent time independent properties of the viscous component of extensional flow. 
Overall, the occurrence of the dips has been reflected in the strength of the “Net Strain 
hardening” behaviour of the samples where the exponential increase of material parameter 
β indicated noteworthy reductions of strain hardening behaviour at highest Hencky rate 
(Table 7.6).   
Furthermore, the diminishing magnitude of the material parameter α with a direct 
relationship to the amount of filler content (Table 7.6) could be indicative of the 
detrimental effects of the incorporation of NGP fillers on the formation of entanglements 
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between macromolecular chains in extensional flow. In other words, the agglomeration of 
nanofillers may adversely influence the structural changes of macromolecules by reducing 
the density of entanglements via manipulating the natural overlapping process of polymer 
chains in melts.  
 
7.3 Conclusion  
 
The extensional viscosity of the samples was studied at Hencky strain rates of 0.1, 0.5 and 
1 s
-1
. The boundary between linear and non-linear viscoelastic regions was evaluated 
through the dynamic strain sweep tests while the dynamic frequency sweep tests in linear 
as well as stress-relaxation tests in both linear and non-linear regions were conducted to 
evaluate the shear damping function. Through the application of the PSMLT version of the 
K-BKZ constitutive extensional model, the validation of the experimental data in addition 
to the computation of material parameters α and β of the samples was accomplished. 
Storage modulus data suggested that the transition from liquid-like to solid-like behaviour 
in terminal region occurred for PLA02 and PLA03 when the relaxation modulus of 
samples ascertained the existence of equilibrium modulus at large relaxation times. 
Hencky strain at up-rising time of samples exhibited a considerable upsurge at Hencky rate 
1 s
-1
 while it remained relatively constant at 0.1-0.5 s
-1
. Uniaxial extensional results did not 
show a significant difference between the extensional viscosity of neat PLA and the 
composites whereas the constitutive modelling suggested that the addition of nanofillers to 
the composites could lead to the deterioration of the strain hardening behaviour of the 
composites. Furthermore, Trouton rule was applicable to the samples when the recorded 
upsurge in Trouton ratio of PLA03 was associated with the incorporation of anisotropic 
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nanofillers and the difference in filler orientation during extensional and shears flows. The 
critical strain of the samples demonstrated dependence on higher Hencky strain rates due 
to the intensity of sufficient overlapping of polymer chains resulting from the structural 
changes in the macromolecular network. Overall, the reduction of the strength of 
extensional thickening behaviour at increased filler contents as well as the deviation of 
extensional viscosity from the applied constitutive model could be indicative of the 
existence of an extensional rheological percolation threshold at around 2 wt%.  
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Chapter 8: Anomalous First Normal Stress Difference 
Behaviour of Polymer Nanocomposites  
 
This chapter has been published as an individual manuscript in “Polymer Engineering & 
Science” journal [251]. In this study, the steady shear rheological behaviours of 
polylactide (PLA) and nano-graphite platelet (NGP) bio-nano-composites containing 1, 2, 
3, and 5 wt% nano-filler were investigated. One of the main objectives of this study was to 
obtain a correlation between N1, filler contents, and shear rate of the measurements. The 
results suggest that N1 in PLA/NGP bio-nano-composites is dependent on the level of filler 
loading as well as the shear rate beyond a critical value.  A novel rectangular hyperbola 
model was successfully developed and employed to fit the N1 data of the neat PLA and 
PLA/NGP composites.  
 
8.1 Experimental  
 
8.1.1 Materials 
 
Grade 3051D Poly (L,L-lactide)- (PLA) was supplied by NatureWorks LLC with melt 
index and specific gravity of 10-30g/10min and 1.24, respectively. Nanographite platelets 
(NGPs) were supplied by XG Sciences, Inc. US Michigan and the grade of NGP used for 
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this study was “M” with the following characteristics: average thickness of approximately 
6 - 8 nanometers and a typical surface area of 120 to 150 m
2
/g. According to the material 
data sheet, Grade M (xGnp-M) was available with average particle diameters of 5, 15 or 25 
microns.  
 
8.1.2 Processing 
 
PLA pellets and nanographite platelets (NGP) were dry mixed in the desired composition 
before melt blending in 700g batches. Table 8.1 shows the compositions (nominal wt%) 
and the codes of neat PLA and PLA/NGP samples (hereafter, samples are referred to 
according to their sample codes).  
Samples were melt-blended in a Brabender Twin Screw extruder. The speed and 
temperature of the extruder were set at 180 
o
C and 40 RPM. Dried pellets were 
compression moulded (temperature =180 
o
C, compression = 80 kN for 5 minutes) into 2 
mm thick circular plaque with 20 mm diameter specimens.  
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Table 8.1. Compositions of PLA/NGP composites and their corresponding sample codes. 
  Sample Code 
 Sample Compositions  neat PLA PLA01 PLA02 PLA03 PLA05  
 PLA content (wt%) 100 99 98 97 95  
 NGP content (wt%) 0 1 2 3 5  
 
8.1.3 Rheological Measurements 
 
8.1.3.1 Steady Shear Rheology 
 
Steady shear measurements were conducted through an Advanced Rheometrics Expansion 
System (ARES) rheometer (TA Instruments) with parallel plate geometry using 25 mm 
diameter plates. A force transducer with a torque range of 0.2 to 200 g.cm was applied to 
all measurements. All rheological tests were performed at the working temperature of PLA 
(180 
o
C). The tests were executed within the strain rate of 0.01-100 s
-1
 to measure 20 
points per decade. The delay before measurement was set at 15 seconds and the delay of 
measuring time of each point was set at 45 seconds.  
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8.2 Results and Discussion 
 
8.2.1 Steady Shear Rheology 
 
Fig. 8.1 shows the steady shear viscosity and first normal stress difference of PLA02 (an 
exemplary PNC) versus shear rate. It clearly demonstrates that the shear thinning 
behaviour of shear viscosity (η) and stress (σ) became evident as the shear rate 
progressively increased (shear rate >1 s
-1
). However, N1 exhibited an utterly different 
behaviour upon which it increased steadily and reached a steady state plateau at 
comparatively high shear rates (10-100 s
-1
), where no reliable shear viscosity data was 
available. Therefore, this manifestation of steady state and near equivalence behaviour of 
N1 at high shear rate region (shear rate >1 s
-1
) could be another indication of the near-
independence of N1 behaviour of polymer matrix from both shear rate and the incorporated 
nanofillers; regardless of their level of loading and dispersion in the nonlinear viscoelastic 
region, i.e. (shear rate >1 s
-1
).    
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Fig. 8.1: Illustration of steady shear rheological behaviour (N1 and shear viscosity) of 
PLA02 versus shear rate at T= 180 
o
C.  
 
Fig. 8.2 demonstrates the steady shear viscosity of neat PLA and PLA/NGP composites. 
At low shear rate region (< 2 s
-1
), all samples exhibited Newtonian-like behaviour. 
However, the zero-shear viscosity of samples increased according to the amount of their 
filler contents. In a study conducted by Ramsay (1986), the shear viscosity of intercalated 
and delaminated poly(dimethyl siloxane)/2M2T-MMT composites with varying silicate 
contents were measured at 28 °C [106, 252]. The absence of Newtonian behaviour  at low 
shear rate region, i.e. the occurrence of shear thinning behaviour, of intercalated poly 
(dimethyl siloxane) composites was associated with the alteration of the relaxation 
dynamics of the polymer  matrix due to the highly anisotropic intercalated layered silicate 
particles leading to shear thinning behaviour of composites at all shear rates [106]. The 
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alteration of the relaxation dynamics occurs at long relaxation times (corresponding to low 
shear rate region) where the behaviour of relaxation modulus determines the likelihood of 
the occurrence of the zero shear viscosity. Nonetheless, fully delaminated poly (dimethyl 
siloxane)/2M2T-MMT nanocomposites exhibited a systematic increase in their steady-
shear viscosity, yet they obeyed Newtonian behaviour in low shear rate region. According 
to Sinha Ray (2006), this behaviour indicates that the delaminated filler layers do not 
affect the relaxation dynamics of polymer matrix, thus, the rheological behaviours of those 
nanocomposites exhibited similarities with the conventional filler filled systems [106]. 
However, Pryamitsyn and Ganesan (2006) ascribed the overall shear stress of PNC 
suspensions to polymer-polymer (PP), particle-particle (CC) and particle-polymer (CP) 
interactions [154]. The resulting stress due to PP interactions determines the polymeric 
matrix rheological responses, CP exhibits the hydrodynamic (frictional) contribution in 
PNCs and CC represent the stress resulting from direct or collisional interactions between 
nanoparticles. For dilute filler concentrations, PP interactions dominate the overall stress 
contribution while at higher concentrations, CC’s role becomes prominent up until it 
ultimately controls the overall stress contribution at highest filler concentration ( =0.5). 
The matrix chain length determines CP’s involvement to overall stress, i.e. for a given 
volume fraction ( ), CC or PP interactions is dominant in long chain polymers at low rates 
while mere PP interactions are responsible at high shear rate region.  The formation of the 
transient polymer network is due to CP frictional interactions and it markedly slows down 
the polymer dynamics while at the same time the incorporation of excess nanoparticles 
results into additional nodes of immobilization (entanglements) in the matrix leading to the 
rise in the viscosity of polymer matrix as well as elastic modulus [155, 234]. Therefore, the 
mobility reduction caused by the artificial increase of entanglements (transient networks) 
induces growth in long relaxation times (controlling the onset of shear thinning behaviour) 
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which subsequently leads to a noticeable reduction in the critical shear rate (Eq. 2.50). 
Table 8.2 confirms the applicability of this conjecture to this study’s neat PLA and 
PLA/NGP composites where the results demonstrated both significant drops in the critical 
shear rate of the composites, and notable escalations in the zero-shear viscosity of 
PLA/NGP composites compared to neat PLA. As previously mentioned, the particle-
polymer (CP) interactions are responsible for the hydrodynamic effects governed by the 
“slip of the polymer on the particle surface mechanism” which is the formation of 
hydrodynamic slip at the interfacial surface between polymer and smooth solid surface of 
particles [154, 253-256]. Brochard and De Gennes (1992) proposed the following 
relationship between the matrix viscosity and slip length (λ) [253]:  
kP /
0                                      (8.1) 
Where, k represents the segmental viscosity at the particle surface. Due to the direct 
correlation between polymer viscosity and chain length in Eq. 2.48, the slip length, i.e. λ,  
in Einstein coefficient ([η]), and consequently the CP interaction are expected to grow with 
the increase in polymer chain length (NP), whilst, Einstein coefficient and subsequently the 
relative viscosity (Eq. 2.54) of PNCs drops significantly [154]. Therefore, the observation 
of Newtonian-like behaviour in Fig. 8.2 may indicate that NGP fillers of this research 
could have been comparatively delaminated within PLA matrix to follow the mentioned 
conjecture of PNC suspensions.  The filler content-dependent shear thinning behaviour of 
the samples at critical shear rates (Figs. 8.1 and 8.2) could demonstrate the direct 
correlation between the level of loading and the characteristic relaxation times (longest 
relaxation times) of the PNCs. As demonstrated in Eq. 2.50, the critical shear rate is 
proportional to the inverse of the characteristic relaxation time (τ0) of polymeric systems. 
Therefore, the progressive decrease of the critical shear rates of PNCs could be attributed 
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to the growth of the longest relaxation times of the composites at higher filler contents, 
which is also indicative of the continual transitions from liquid-like to solid-like 
behaviours at higher filler contents. For instance, the longest relaxation times of neat PLA 
and PLA05 are 0.06 and 0.18 s when their corresponding critical shear rates are 2.2 and 
1.3 s
-1
, respectively (Table 8.2).      
 
Fig. 8.2: Steady shear viscosity of neat PLA and PLA-NGP composites at T= 180 
o
C. 
  
Fig. 8.3 and 8.4 illustrate the first normal stress difference of the samples versus steady 
shear rate and shear stress, respectively. Choi et al. (1999) emphasized the importance of 
the investigation of N1 as a function of shear stress (rather than rate) due to the possible 
lack of continuity in the velocity gradient (i.e. shear rate) at the solid-liquid interface in the 
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absence of the occurrence of slippage between the phases [257]. The results exhibited a 
strong dependence of N1 behaviour on NGP filler content. According to Bhattacharya et al. 
(2007), the contributing factors to the elasticity of the filled systems include filler size, 
filler content and their geometry. Isotropic fillers such as glass beads, carbon black, CaCO3 
and TiO2 have demonstrated reduction in the elasticity of their composites compared to 
neat polymeric systems [140]. On the other hand, White et al. (1980) related the observed 
increase in  N1 of fibre-like filler composites to the strong orientation of nanofillers in the 
direction of flow leading to the hydrodynamic particle effect of fibre-like fillers [258].  
Khan and Prud'Homme (1987) associated the lower elasticity of isometric-filler polymer 
composites to their normal component of stress becoming zero when the shear component 
retains a finite value; hence, lower elasticity [259]. However, in the case of anisometric 
fillers (e.g., fibres and platelets), the elasticity is escalated due to the increase in the N1 of 
their composites. Although fillers’ morphology play an important role in elasticity of the 
composites, excessive (higher than optimum) amount of filler concentration has an adverse 
effect on the elasticity of these systems [260, 261].  This rise in rigidity as a result of 
excessive filler loading is due to the reduced mobility of polymer chains in the presence of 
the fillers [152, 260]. The dispersion of fillers within polymeric matrix can also play an 
important part in the elasticity of polymer composites. The near independence of N1 from 
filler content at all shear rates in intercalated PNCs has been associated with the 
intercalation of fillers in the composites, resulting from the preferential orientation of two 
dimensional nanofillers in the direction of flow which could diminish the effect of CC and 
CP interactions and their influence to elasticity [174, 262]. Nonetheless, in a study 
conducted by Prasad et al. (2005) on exfoliated ethylene-vinyl acetate (EVA)/layered 
silicate nanocomposites, N1 demonstrated an inverse relationship with filler contents; i.e. 
the magnitude of N1 declined as silicate filler content increased. They associated this 
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behaviour to the reduced mobility of polymer due to the enhanced interactions between 
silicate fillers and polymer chains [263].  
 
Fig. 8.3: Illustration of first normal stress difference of neat PLA and PLA/NGP 
composites versus shear rate at T= 180 
o
C. 
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Fig. 8.4: Illustration of first normal stress difference of neat PLA and PLA/NGP 
composites versus shear stress at T= 180 
o
C. 
 
Alternatively, Pryamitsyn and Ganesan (2006) showed through computational simulation 
that the polymeric N1 behaviour is independent from the matrix relaxation time and the 
particle related interactions (CC, CP) in Semenov model (Eq. 2.53). Furthermore, it is 
important to note that the particle influence (CP and CC) on the first normal stress 
difference is insignificant at low particle loadings, hence, the anomalous alterations in N1 
could be due to the “dilution of polymer from the matrix” [154]. This is in accordance with 
the previously mentioned conjecture of the relationship between the dependence of N1 on 
the level of dispersion in PNC systems as agglomerated and intercalated particles may not 
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contribute adequately to the overall dilution of polymeric matrix whereas exfoliated 
(delaminated) particles could effectively dilute the polymer from its matrix. In brief, the 
dilution of polymeric matrix as a result of the exfoliation of nanofillers could lead to the 
alteration of N1 behaviour of neat polymers in PNCs.  
In a study conducted by Wang et al. (2006), the first normal stress difference of 
polystyrene/carbon nanofibres (PS/CNFs) with filler contents 0-10 wt% was investigated 
[230]. The samples were fabricated through melt blending (MB) and solvent casting (SC) 
mixing techniques and the morphological characterization of samples exhibited a fourfold 
increase (160/40) in the aspect ratio of SC systems, i.e. considerably higher uniformity and 
enhanced dispersion of CNFs in the SC composites compared to their MB counterparts. 
Accordingly, the N1 measurements of neat PS and its MB composites displayed 
independence from CNF filler contents. On the other hand, the N1 magnitude of SC 
composites exhibited a robust dependence on the level of filler loading in shear rate 
spectrum of 0.01-10 s
-1
 where N1 demonstrated a direct correlation with the amount of 
filler content. They reported that the dependence of N1 on CNF filler contents 
progressively diminished up to shear rate 10 s
-1
 where no effect was observed afterwards 
[230]. Overall, their findings were another indication of validity of the previously 
mentioned theories explaining the direct influence of the level of delamination of 
nanofillers on the first normal stress difference of PNCs. Nonetheless, the anomaly of such 
interaction was still conserved through the escalation of N1 due to the increase of filler 
content.  
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8.2.2 Anomalous Behaviour of PLA/NGP Composites 
 
The dependence of N1 behaviour on the NGP loading at low shear rate region (< 2 s
-1
) 
could indicate that the dispersion of NGP within PLA matrix has reached some level of 
exfoliation. However, the drop in N1 of composites did not reveal a consistently direct 
relationship with nanofiller content; N1 behaviour of PLA01 did not exhibit a moderate 
decrease compared to neat PLA while PLA02 displayed a considerable increase from neat 
PLA. However, the magnitude of N1 exhibited a significant reduction for PLA03 and 
PLA05 whilst the lowest N1 value of samples was recorded for PLA03. On the other hand, 
the magnitude of the first normal stress difference of all samples reached a near 
equivalence and independence at higher shear rates (> 2 s
-1
) and shear stresses (> 2 x 10
03
 
Pa). According to Sinha Ray (2006) and Giannelis et a. (1999) near equivalence and 
independence of N1 at higher shear rates could be associated with the preferential 
orientation ability of the two-dimensional nanofiller layers to the direction of shear flow 
[106, 264]. 
In order to mathematically investigate the dependence of N1 behaviour of PLA/NGP 
composites on filler loading through Semenov model (Eq. 2.53), the shear rheological 
viscosities of PLA/NGP composites were fitted into Carreau-Yasuda (1979) model 
utilizing the RSI Orchestrator software. The Carreau-Yasuda model is a five-parameter 
model which is known as the most reliable model for estimating the zero-shear viscosity of 
polymer melts [130]:  
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Where τ (s) is the characteristic or relaxation time, η0 (Pa.s) is the zero-shear viscosity and 
n is a dimensionless parameter which determines the slope of shear thinning (non-
Newtonian) region, i.e. slope = n - 1 where 0 ≤ n < 1; special case: Newtonian flow, where 
n = 1 .  The parameter a improves the depiction of the transition zone between Newtonian 
and the shear thinning regions, hence, it denotes the magnitude of the shear rate 
corresponding to the onset of shear thinning behaviour, i.e. 

 . Moreover, η∞ is the shear 
viscosity at very high shear rates which is considered zero in this study due to its 
inaccessibility through conventional stress/strain rheometers.  
Table 8.2 demonstrate the computed model parameters of the samples via Carreau-Yasuda 
and Semenov models. The zero-shear viscosity of samples demonstrated a noticeable 
enhancement as the amount of NGP fillers increased. Although the critical shear rate 
showed an inverse relationship with the level of loading, the critical stress did not exhibit a 
remarkable dependence on the filler contents. Moreover, the characteristic time (τ) of 
samples displayed a threefold upsurge when the filler content of neat PLA was increased 
to 3 and 5 wt%. Inclusive theoretical explanations of these observed rheological 
behaviours have been explained in the former sections of this study.  
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Table 8.2. Evaluation of Carreau-Yasuda and Semenov model parameters through 
computational fitting of the experimental data into Eqs. 8.2 and 2.53, respectively. 
 
 
 
Carreau-Yasuda Model 
 
 
 
Semenov Model 
Sample η0 (Pa.s) τ (s) a (s
-1
) n  r
2
 

  (s-1) 
0
P  
(Pa.s) 
  (Pa) 
neat PLA 1.26E+03 0.06 2.18 -22.0 0.94 2.2 1.26E+03 2.75E+03 
PLA01 1.44E+03 0.14 1.46 -3.8 0.94 1.5 1.44E+03 2.11E+03 
PLA02 1.65E+03 0.07 1.18 -5.0 0.92 1.2 1.65E+03 1.94E+03 
PLA03 1.81E+03 0.18 1.66 -2.8 0.96 1.7 1.81E+03 2.99E+03 
PLA05 1.99E+03 0.18 1.30 -2.8 0.96 1.3 1.99E+03 2.58E+03 
 
 
Fig. 8.5 demonstrates the dependence of the first normal stress difference on shear rate and 
filler concentration of the samples. Apart from the anomalous increase in the N1 of PLA02, 
the rest of the samples exhibited a moderate decrease in their first normal stress difference 
as the NGP filler content was raised to 5 wt%. The minimum value of N1 was recorded at 
PLA03 which was consistent with the previously reported rheological and mechanical, i.e. 
via slope (α) and Young’s modulus analysis, percolation thresholds of the samples [4, 196, 
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249]. However, the relationship between N1 and shear rate did not display anomaly when 
all samples demonstrated a direct correlation with the magnitude of the shear rate.     
 
Fig. 8.5:  The dependence of the first normal stress difference on the shear rate and filler 
concentration of the samples. 
 
Fig. 8.6 displays the modelled apparent shear stress exponent (
2
1 ~ 







PN
) values of neat 
PLA and PLA/NGP composites via Semenov model. This chart clearly shows a power law 
increase in the magnitude of N1 versus shear stress, however, it does not significantly 
demonstrate the dependence of the apparent shear stress exponent on NGP filler contents. 
Since the polymeric chain lengths remained constant for all samples, Semenov model 
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could mainly suggest the occurrence of polymeric contribution (PP interactions) to the 
shear stress dependence of N1.  The discrepancy between the theoretical modelling and the 
experimental results (Fig. 8.6 and 8.4) is more accentuated after the termination of the 
power law region (σ > 30 Pa) while zero-first normal stress differences ( 01N at 10> σ >30 
Pa) of samples did not show major inconsistencies with the predictions of this theoretical 
model.     
 
Fig. 8.6:  Demonstration of the modelled apparent shear stress exponent (
2
1 ~ 







PN
) 
values of neat PLA and its composites via Semenov model (Eq. 2.53). 
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8.2.3 Rectangular Hyperbola Model of Fist Normal Stress Difference of PNCs 
 
The following novel rectangular hyperbola model was successfully used to fit the 
PLA/NGP experimental N1 data of this study:  





2
1
1 ),(
P
P
wN                              (8.3) 
Where, P1 is the N1 asymptote, i.e. the value of N1 at infinite time when N1 plateaus, and 
P2 is the stress asymptote, i.e. the value of stress at zero-first normal stress difference 
region ( 01N at 10> σ >30 Pa).  
Table 8.3 displays the computed values of stress asymptotes (P1 and P2) of the first normal 
stress differences of the samples. The difference between the maximum and minimum 
values of N1 asymptotes (P1) is about 700 whereas it is minor for stress asymptotes (P2). 
Consequently, it is evident that P1 is a function of mass fraction (w) whereas P2 is 
independent of ϕ and it could signify the inherent characteristics of the polymeric matrix. 
Thus: 
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Table 8.3: Computed values of the model parameters of our proposed rectangular 
hyperbola model (Eq. 8.3) of neat PLA and PLA/NGP composites.   
 
 
 
 
 
Fig. 8.7 illustrates the fitting of the experimental results of N1 of PLA/NGP composites 
into the proposed rectangular hyperbola model (Eq. 8.4). The advantage of the proposed 
model of first normal stress difference to the existing power law models, i.e. Mall-Gleissle 
(Eq. 2.56) and Semenov (Eq. 2.53) models, of PNCs could be due to the inability of 
previous studies to measure the first normal stress difference at high shear stress region. 
Furthermore, the simulation of this model was successfully accomplished within several 
domains of stress via OriginPro 8 software. Fig. 8.8 displays the simulation of N1 via 
application of the rectangular hyperbola model at different stress domains, i.e. 0.01 <σ < 1 
Pa, 0.01 <σ < 500 Pa and 0.01 <σ < 104 Pa, for neat PLA and PLA03. On one hand, it was 
apparent that the curves fit into power law model for σ < 1 Pa and could satisfy the 
previously proposed power law models. On the other hand, at higher stress domains (10
2
 < 
σ < 104 Pa) both samples demonstrated power law behaviours at low stress region, while 
they ultimately asymptoted to constant magnitudes of N1 at high stress region through a 
rectangular hyperbola patterns.   
Sample P1 P2 R
2
 
neat PLA 1.81E+3 76 0.98 
PLA01 1.32E+3 53 0.95 
PLA02 1.77E+3 52 0.94 
PLA03 1.10E+3 123 0.96 
PLA05 1.34E+3 119 0.99 
P a g e  | 194 
 
 
Fig. 8.7: Fitting of experimental data of neat PLA and PLA/NGP composites into 
rectangular hyperbola model (





2
1
1
)(
),(
P
wP
wN  ) of first normal stress difference. 
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Fig. 8.8:  Computational simulation results of the rectangular hyperbola model (





2
1
1
)(
),(
P
wP
wN ) of N1 for (a) neat PLA and (b) PLA03. 
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Chapter 9:  Conclusions and Recommendations  
 
This chapter will convey a summary of the major methodological findings and the 
encountered challenges during the course of this research project, as well as several 
recommendations for future studies in this field of research. 
 
9.1 Conclusions  
 
The conclusions of this work are presented into the following five sections: 
 
9.1.1 Influence of Nano-Graphite Platelet Concentration on Onset of Crystalline 
Degradation in Polylactide Composites 
 
The inclusion of nano-graphite platelets was favoured for enhanced thermal, mechanical, 
and crystallographic properties of polymers such as the biodegradable polylactide. It was 
evaluated that 1–5 wt% loading concentration of NGP can lead to increased crystallinity in 
the polymer matrix and provide improved mechanical characteristics. However, loading 
beyond this point tends to degrade the crystalline properties of the polymer matrix, with 
the inclusion of defective carbon agglomerates and tactoids. 
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9.1.2 Morphological, Mechanical, and Thermal Characterization of Biopolymer 
Composites Based on Polylactide (PLA) and Nanographite Platelets 
 
Nanographite platelets were melt blended into PLA matrix at different filler contents. 
Morphological analysis of the composites did not exhibit exfoliation or even high level of 
intercalation of nanofillers into polymeric matrix. However, partial exfoliation and limited 
break down of platelets were detected. Mechanical testing showed significant 
improvement of Young’s modulus at 3 wt% filler content (PLA03).  Double extruded 
samples showed improved level of mixing of nanofillers into polymer matrix, which was 
demonstrated by a reduction in tactoid size observed in TEM images and a drop in the 
standard deviation of their Young’s modulus. The significant decrease in the modulus of 
2X (PLA03) indicated that the thermal degradation of the composites due to longer 
residence time was likely to occur in the presence of NGP. However, the decrease in the 
thickness of graphite layers and their tactoid size through the double extrusion process 
could indicate the synergistic effect of enhanced dispersion along with the partial 
breakdown of nanofillers caused by the extended extrusion process. Furthermore, thermal 
properties of the composites did not show improvements compared to that of neat PLA. 
The percentage crystallinity slightly decreased as a result of NGP incorporation into neat 
PLA. The highest crystallinity and enthalpy of fusion among composites were observed 
when the content of NGP was at 5 wt% (PLA05). Moreover, NGP did not demonstrate the 
nucleating agent effect on the polymer matrix when in fact; it slightly decreased the 
crystallization properties of the PLA matrix. Finally, it was evident that efficient 
dispersion of graphite layers may not be achievable through melt compounding only.  As 
suggested in the Recommendations section of this chapter, solvent casting technique as 
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well as the combination of solvent casting and extrusion techniques may enhance the 
dispersion of NGPs within PLA matrix. 
 
9.1.3 Melt Rheological Investigation of Polylactide-Nanographite Platelets 
Biopolymer Composites 
 
Results of the dynamic strain sweep tests showed that the composites with filler contents 
above 3 wt% exhibited pronounced nonlinear viscoelastic behaviours at strains greater 
than 2%. Through dynamic frequency sweep tests, the master curves of storage and loss 
moduli showed that the change in liquid-like behaviour into pseudo-solid-like behaviour 
occurred at 3 wt% NGP content composites. The complex viscosity master curves 
illustrated a transition from Newtonian to shear thinning behaviour at low frequency 
region for 5 wt% filler content. The shear rheological percolation threshold of composites 
via investigation of slope (α) for storage modulus versus frequency was found to be around 
3 wt% NGP content. The validity of Cox-Merz relation was not satisfied in these 
composites and it failed at both low and high shear rates. The modelling of the steady 
shear viscosity results revealed a change of behaviour from 3-5 wt% nanofiller content. 
The presence of the characteristic time and relaxation equilibrium for samples with NGP 
filler contents beyond 3 wt% could be attributed to the manifestation of liquid-solid 
transition of the composites in that region. However, the composites and neat PLA 
demonstrated dissatisfactory gelation properties, the effects of which are yet to be 
investigated in future research studies. 
Most importantly, this study revealed that polylactide and nanographite platelets are 
appropriate options for the fabrication of biodegradable nanocomposites from a mere 
rheological standpoint. The interfacial compatibility between PLA chains and NGP fillers 
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was exhibited through the successful application of steady (Carreau-Yasuda) and dynamic 
(time-temperature superposition, slope α percolation threshold analysis and Winter- 
Chambon liquid-solid transition theory) melt shear rheological modelling of the 
composites. Nonetheless, poor dispersion of NGP fillers within PLA matrix in conjunction 
with the application of a working temperature different from Tgel of the samples could 
have been the principal driving factors behind the observed discrepancies from the 
proposed gelation theory.   
Furthermore, mechanical testing demonstrated the maximum enhancement of Young’s 
modulus at 3 wt% filler content sample. Morphological analysis of the samples suggested 
that adequate dispersion of nanofillers was not achieved in this study. Therefore, the 
PLA/NGP samples cannot be categorized as ideal nanocomposites and in fact, it suggested 
that the dispersion of graphite platelet layers into PLA matrix may not be efficiently 
accomplished through melt intercalation and dry mixing process.  
 
9.1.4 Extensional Rheological Investigation of Biodegradable Polylactide-
Nanographite Platelet Composites via Constitutive Equation Modelling 
 
The uniaxial extensional rheological properties of the samples were studied at Hencky 
strain rates of 0.1, 0.5 and 1 s
-1
. The boundary between linear and non-linear viscoelastic 
regions was evaluated through the dynamic strain sweep tests while the dynamic frequency 
sweep tests in linear, as well as stress-relaxation tests in both linear and non-linear regions 
were conducted to evaluate the shear damping function. Through the application of the 
PSMLT version of the K-BKZ constitutive extensional model, the validation of the 
experimental data in addition to the computation of material parameters α and β of the 
samples was accomplished. Storage modulus data suggested that the transition from liquid-
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like to solid-like behaviour in terminal region occurred between PLA02 and PLA03 when 
the relaxation modulus of samples ascertained the existence of equilibrium modulus at 
large relaxation times. Hencky strain at up-rising time of samples exhibited a considerable 
upsurge at Hencky rate of 1 s
-1
 while it remained relatively constant at 0.1-0.5 s
-1
. Uniaxial 
extensional results did not show a significant difference between the extensional viscosity 
of neat PLA and the composites whereas the constitutive modelling demonstrated that the 
addition of nanofillers to the composites could lead to the deterioration of the strain 
hardening behaviour of the composites. Furthermore, Trouton rule was applicable to the 
samples when the recorded upsurge in Trouton ratio of PLA03 was associated with the 
incorporation of anisotropic nanofillers and the difference in filler orientation during 
extensional and shear flows. The critical strain of the samples demonstrated dependence on 
higher Hencky strain rates due to the intensity of sufficient overlapping of polymer chains 
resulting from the structural changes in the macromolecular network. Overall, the 
reduction of the strength of extensional hardening behaviour at increased filler contents, as 
well as the deviation of extensional viscosity from the utilized constitutive model could be 
indicative of the existence of an extensional rheological percolation threshold in the 
vicinity of 2 wt%.  
 
9.1.4 Anomalous First Normal Stress Difference Behaviour of Polymer 
Nanocomposites 
 
The anomalous behaviour of N1 could be due to the size, loading of fillers and imposed 
shear rate. N1 behaviour of PLA/NGP bionanocomposites was dependent on the level of 
loading of nanofillers as well as the shear rate beyond a critical value. To some extent, this 
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observation along with the existence of Newtonian behaviour of PLA/NGP composites at 
low shear rate could indicate the occurrence of the delamination of NGP nanofillers within 
PLA matrix.  
The predictability of N1 behaviours of PLA/NGP composites was examined through the 
Semenov power law model. This model could only predict the first normal stress 
difference behaviour in a limited shear stress spectrum within the power law region. 
Therefore, a rectangular hyperbola model was proposed for the prediction of N1 as a 
function of shear stress. This novel model exhibited satisfactory fits in both power law and 
plateau regions of neat PLA and PLA/NGP composites. The computational simulation 
outcomes of the model at different stress domains were also consistent with the 
experimental results of this study.      
 
9.2 Recommendations  
 
The following recommendations for future studies have been outlined below. They build 
upon the limitation of the literature and the current research thesis. It is recommended that 
future studies investigate: 
 Analysing the nucleating agent effectiveness of NGP and the dimensions of growth 
of crystals through the isothermal crystallization experiment of the samples via the 
Avrami equation and the investigation of their crystallization half-time (t1/2) at a 
temperature above their cold crystallization temperature. 
  Investigating the likelihood of the occurrence of thixotropic/ rheopectic 
rheological characteristics of the samples to study the effects of NGP loading on 
transient rheological behaviour of polylactide. 
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 Applying alternative mixing techniques (such as solvent casting) to improve the 
dispersion of nanofillers within PLA matrix and investigate its potential subsequent 
effect on the rheological and mechanical properties of PLA/NGP composites. 
 Exploring the effect of different solvents on the molecular weight distribution, 
mechanical, and rheological characteristics of PLA in solvent casting technique.  
 Investigating the morphological properties of composites via TEM, SEM and XRD 
at the shear and extensional testing temperatures, i.e. 180 and 150 °C in this study, 
through quenching of the molten samples to explore the correlation between the 
level of dispersion at elevated temperatures and the rheological characteristics of 
PLA/NGP composites. 
 Studying the possibilities of applying shear rheology to evaluate the molecular 
weight distribution of the samples without the utilization of Gel Permeation 
Chromatography (GPC) technique. Consequently, the impact of nanofillers on the 
molecular weight distribution of PLA could be investigated from a rheological 
perspective. 
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